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The river ecosystems in Korea has been greatly altered from lotic to lentic 
conditions due to large-scale weir construction. The distribution and abundance of 
submerged macrophytes have been rapidly expanding along five major rivers. 
Despite the general importance of submerged macrophytes, fast growing and dense 
submerged macrophytes can have detrimental effects on river ecosystems. 
Understanding both the species composition of submerged macrophytes and the 
major environmental factors related to aquatic plants is important for river 
management. This study focused on identification of the relationships between the 
submerged macrophytes species and environmental factors. I performed vegetation 
survey and measured environmental factors at 197 surveyed sites along the five 
major rivers from May to September, 2014–2015: Han River (71 sites), Geum River 
(43 sites), Nakdong River (46 sites), Yeongsan River (27 sites), and Seomjin River 
(10 sites). Ceratophyllum demersum, Hydrilla verticillata, Myriophyllum spicatum, 
Najas graminea, N. marina, Potamogeton crispus, P. maackianus, P. malaianus, P. 
octandrus, P. oxyphyllus, P. pusillus, and Vallisneria natans, were distributed in the 
river regions. The most abundant species of submerged macrophytes in all rivers 
were H. verticillata, M. spicatum, and P. crispus. Based on the analysis of 
dissimilarities, species composition of submerged macrophytes and the 
environmental conditions in the four major rivers (Han, Geum, Nakdong, Yeongsan 
Rivers) were similar, whereas the occurrence rates (prevalence) of submerged 
macrophytes differed. However, ammonium nitrogen, nitrate nitrogen, and total 
nitrogen concentrations were significantly different between the four rivers. In 
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particular, Han River had higher ammonium nitrogen concentrations and Yeongsan 
River had lower nitrate nitrogen and total nitrogen concentrations, than the other 
rivers. Environmental factors associated with the occurrence of submerged 
macrophytes were related to light availability, such as chlorophyll a, suspended 
solids, and water temperature during the growing season, whereas nutrient 
concentration was not an important factor. Najas marina became established rapidly 
and was an important species over the three year at two monitoring sites, 
Yangpyeong site in Han and Sangju site in Nakdong Rivers. According to the 
comparison of submerged macrophyte diversity among Ceratophyllum demersum 
community, Hydrilla verticillata community, Myriophyllum spicatum community, 
Potamogeton crispus community, Vallisneria natans community, and others 
community, species in V. natans community had relatively even coverage and this 
community exhibited the highest diversity. From generalized linear models, the 
ammonium nitrogen and nitrate nitrogen concentrations, and water velocity had the 
most influence on the Shannon diversity index and species richness, which decreased 
with high nutrient concentrations and rapid water flow. The results indicated that 
submerged macrophyte diversity was highest under low productivity and low 
disturbance conditions. I examined the environmental factors that characterize the 
potential habitats of two most abundant submerged plants, Myriophyllum spicatum 
and Hydrilla verticillata, using generalized additive models. Potential habitats of M. 
spicatum were linked with chlorophyll a, nitrate nitrogen, suspended solids, water 
temperature, water depth, and water velocity. In the case of H. verticillata, electrical 
conductivity and suspended solids were important in determining habitat factors. 
Monitoring of vegetation and environmental conditions in river ecosystems is 
important because dispersal and composition of submerged macrophytes are affected 
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by both water quality factors and water velocity. Preservation of free-flowing rivers 
with a variety of hydrological features is needed to provide the water quality needed 
to ensure submerged macrophyte diversity and to control submerged macrophytes 
abundance to an appropriate level. These results provide information on the initial 
distribution of submerged macrophytes and on potential submerged macrophytes 
habitats for the management of river ecosystems after the large-scale weir 
construction.  
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 General introduction 
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1.1. Characteristics of submerged macrophytes 
The term submerged macrophytes usually refers to rooted aquatic angiosperms 
or underwater nonflowering or flowering macrophytes (Moore 2009). Submerged 
macrophytes occur in freshwater, coastal lagoons, and estuaries (Lirman et al. 2007) 
and tend to have a broader distribution than terrestrial plants (Santamaría 2002). 
Discontinuous distribution of submerged macrophytes results from differences in 
colonization success and spatial variations in frequency and intensity of disturbances 
(Bunn and Arthington 2002). 
Many submerged macrophytes exhibit clonal propagation or perennation under 
conditions that can limit sexual reproduction, seed production, germination, and 
seedling establishment (Barrett et al. 1993, Santamaría 2002). Because of the 
reduced lignification in submerged macrophytes tissues, their vegetative organs are 
fragile and brittle, thus they are easily broken or fragmented by water flow and 
animals (Barrat-Segretain 1996). Vegetative organ types of submerged macrophytes 
include nodes, shoots, rhizomes, stolons, tubers, and turions (Grace 1993, Barrat-
Segretain 1996). Vegetative reproduction is common in submerged macrophytes, due 
to the relative uniformity of aquatic habitats, and is more successful than sexual 
reproduction (Grace 1993, Barrat-Segretain 1996). The trade-off between vegetative 
and sexual reproduction methods may be related to differences in the nutrient-storage 
pool of plants (Yeo 1965, Grace 1993); in general, vegetative reproduction may 
affect maintenance of a species in one site, whereas sexual reproduction may affect 
colonization of new sites (Barrat-Segretain 1996).  
Submerged macrophytes are able to grow and survive at a maximum water 
depth of 5–6 m (Welsh and Denny 1980); however, submerged macrophytes rarely 
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inhabit depths exceeding 2.5 m (Angradi et al. 2013). Water depth influences other 
environmental factors including light intensity, water temperature variation, and 
nutrient concentration (Zhou et al. 2016). In addition to light intensity being reduced 
with increasing depth, water turbidity and dense submerged macrophyte 
communities may result in less than 4% of surface light reaching plants at depth 
(Sculthorpe 1985, Barko et al. 1986). Thus, submerged macrophytes occur under a 
great diversity of light conditions that are affected by optical properties within the 
water column (Santamaría 2002). Light attenuation in the water column is also 
affected by phytoplankton abundance (Santamaría 2002).  
Aquatic ecosystems are generally considered to have temperature conditions 
that are more stable than those of terrestrial ecosystems (Bornette and Puijalon 2011). 
Most submerged macrophytes have a relatively high optimal temperature (between 
20 to 35°C) for photosynthesis and respiration (Santamaría and van Vierssen 1997). 
However, some submerged macrophytes are able to grow and reproduce vegetatively 
at lower temperatures (Boylen and Sheldon 1976), and the ability of some submerged 
macrophytes to adapt to lower temperatures may provide them with a competitive 
advantage (Barko et al. 1986). Water depth in large lakes and ponds can affect 
seasonal stratification of water temperature, whereas in small or shallow water 
bodies water temperature can be influenced by waterbody surface area (Bornette and 
Puijalon 2011). 
Submerged macrophytes are associated with substrata and are more 
heterogeneously distributed where substratum heterogeneity is high (Baattrup-
Pedersen and Riis 1999). To anchor submerged macrophytes within an area, some 
submerged macrophytes need a fine substrate while others need mineral substrate 
(Bornette and Puijalon 2011). In gravel, some species become anchored so efficiently 
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that they can withstand relatively high water flow velocities (Puijalon et al. 2005). 
Submerged macrophytes are an integral part of the ecosystem as they provide 
habitat for other organisms, sequester carbon, prevent sediment resuspension, 
stabilize shoreline areas, and act as food sources for consumers at various trophic 
levels (Bornette and Puijalon 2011, Zhang et al. 2016). Submerged macrophytes 
produce oxygen in stagnant regions and prolong the hydrologic retention time for 
the removal of particulate nutrients (Nepf et al. 2007). Furthermore, submerged 
macrophytes reduce algal growth by competing for nutrients and releasing 
allelopathic compounds (Takamura et al. 2003). In addition, submerged macrophytes 
has important functions in biogeochemical cycles through such actions as organic 
carbon production, transfer of oxygen and trace elements, and phosphorus 
assimilation by mycorrhizal associations (Koch 2001, Caraco et al. 2006, Bornette 
and Puijalon 2011). 
Despite the general importance of submerged macrophytes, fast growing and 
competitive submerged macrophytes can have detrimental effects on water 
conditions. Dense submerged macrophytes can produce organic materials from 
actively growing or senescing macrophytes and cause eutrophication (Chambers et 
al. 1999). Moreover, dense submerged macrophytes can reduce flow velocity 
resulting in increased particle sedimentation (Sand-Jensen and VindbÆ K Madsen 
1992). Dense submerged macrophyte communities under high nutrient 
concentrations can decrease light penetration and dissolved oxygen levels near the 
waterbody bottom (Takamura et al. 2003) due to the respiratory demands for oxygen 
of dead plant materials undergoing aerobic bacterial decay (Kelly et al. 1983, 
Chambers et al. 1999). Additionally, dense submerged macrophytes can impair 
aesthetics, cause taste and odor problems in drinking water supplies, clog intakes of 
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pumps used for conveying irrigation, industrial, or domestic water and interfere with 
swimming and boating activities (Kenneth 1996, Chambers et al. 1999). Based on 
these problems, dense submerged macrophytes are generally deemed problematic as 
many of solutions to those problems are challenging. 
1.2. Previous research on submerged macrophytes 
Fundamental studies on submerged macrophytes in Korea have been 
undertaken rarely. Initial research on hydrophyte classification in Korea was 
conducted by Choi (1985), followed by a study of Potamogetonaceae reported by 
Kim et al. (2002), and a report on Hydrocharitaceae by Na (2010). Floral surveys 
and studies into the distribution of submerged, riparian and littoral plants have been 
carried out in local streams (Lee 2009, Cho and Lim 2011), reservoirs (Lim et al. 
2005, Kim et al. 2011, Kim et al. 2012), coastal lagoons (Kim et al. 2010) and 
wetlands (You et al. 2008, Lim et al. 2016). A long-term study reported by Lim (2010) 
described the distributional patterns of hydrophytes based on previous reports and 
on field surveys undertaken between 1997 and 2007 on a national scale. Another 
long-term study reported by Park (2016) described changes in hydrophytes and 
environmental conditions in the Paldang Reservoir, Gyeonggi Province, Korea 
occurring between 1988 and 2014. The other studies included soil seed bank 
experiments on lakebed (Rim 2010) and wetland soils (Yi et al. 2009). To identify 
the relationships between submerged macrophytes and environmental factors, 
studies into the effects of floating and submerged plants on water environmental 
conditions (Lee and Sung 2013) and the growth responses of submerged 
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macrophytes to environmental conditions (Kwon 2011), have included mesocosm 
experiments. The underlying relationships between submerged macrophytes and 
environmental factors have rarely been investigated in the field and there are no 
previous large- or national-scale studies into submerged macrophytes and 
environmental factors. 
Historically, various classification systems specifically for aquatic plant taxa 
have been developed (Pearsall 1918, Arber 1920, Den Hartog and Segal 1964). 
During the past few decades, researchers have identified many characteristics of 
submerged macrophytes including morphological traits (Lehmann et al. 1997), along 
with life (Kautsky 1988), reproductive, and dispersal (Barrat-Segretain 1996) 
strategies. The dispersal ability of submerged macrophytes varies according to the 
dispersal-related functional traits of each species, such as their reproductive mode 
and growth characteristics (Capers et al. 2010). Some studies have focused on 
interactions among submerged macrophytes growth, sediment nutrient status (Barko 
et al. 1991, Xie et al. 2013), and interspecific competition for resource use 
(McCreary 1991). 
Several studies have focused on the general relationships between submerged 
macrophytes and local environmental characteristics, particularly those related to 
water chemistry (Seddon 1972, Sand-Jensen 1977, Carpenter 1980, Depew et al. 
2011). Researchers have reported that not only water chemistry, but also various 
environmental factors including spatial heterogeneity (Pollock et al. 1998), 
landscape features (Cheruvelil and Soranno 2008), shoreline armoring (Patrick et al. 
2016), wave movement (Madsen et al. 2001) and disturbance such as flood 
frequencies and weed cutting (Riis et al. 2000) can affect distribution and diversity 
of submerged macrophytes. 
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Moreover, submerged macrophytes have been used as a bioindicator of water 
quality (Clayton and Edwards 2006), ecological health (Maddock 1999) and river 
connectivity (Rooney et al. 2013). Habitat requirements of submerged macrophytes 
have been included as factors in diagnostic tools used to assess the suitability of an 
area for submerged macrophytes restoration (Michael Kemp et al. 2004). 
Additionally, ecological engineering studies have reported on the effects of 
submerged macrophytes on heavy metal adsorption (St-Cyr et al. 1994, Keskinkan 
et al. 2004) and nutrient removal (Dierberg et al. 2005). Recent studies have 
estimated the distribution of submerged macrophytes in many areas by using 
geographic information system (GIS)-based approaches and a combination of 
remote sensing and complex models under different scenarios of environmental 
condition change (Alahuhta et al. 2011, Abukawa et al. 2013, Zhang et al. 2015, 
Churchill et al. 2016); however, these studies have been limited to examining lakes 
(Abukawa et al. 2013, Zou et al. 2013), bays (Depew et al. 2011, Patrick et al. 2014) 
and estuaries (Borgnis and Boyer 2016, Hestir et al. 2016). In the mainstreams of 
rivers, research into distribution of submerged macrophytes has rarely conducted. 
River ecosystems are substantially dynamic; thus their substrata may be too 
changeable to use GIS mapping to predict distribution of submerged macrophytes. 
1.3. River flow regulation 
Rivers are important pathways for the flow of organisms, materials, and energy 
(Andersson et al. 2000) and many in-river and riparian corridor plants are dispersed 
by water flow (Johansson et al. 1996). The natural flow regime of a river sustains 
 
8 
ecosystem biodiversity and integrity via temporal and spatial variability, thereby 
forming heterogeneous habitats and producing natural changes in species 
composition (Baattrup-Pedersen and Riis 1999, Nilsson and Svedmark 2002). 
Currently, flow regulation through widespread stream channelization and 
damming is a common characteristic of many Korean rivers (Woo 2010), thus it is 
difficult to find lotic systems (Choi et al. 2011). Extensive river flow changes in 
Korea since the 1960s have accelerated the degradation (Woo 2010) and 
eutrophication (Kim et al. 2007) of rivers. Recently in Korea, changes to the flow 
regime and water quality of four major river systems were undertaken as part of  
“The Four Major Rivers Project”. The goals of this national project were to reduce 
flooding, improve water quality, and secure water resources by constructing three 
dams and 16 large weirs (Lah et al. 2015). 
Many rivers throughout the world have been fragmented and their flows 
regulated by the construction of dams and weirs over the past century (Andersson et 
al. 2000, Schook et al. 2016). The construction of dams and weirs in rivers is 
regarded as a key threat to aquatic biodiversity (Mueller et al. 2011) as dam- or weir-
induced flow regulation alters river discharge, sediment flux, and floodplain 
productivity, and it decouples ecological interactions between the river and its 
floodplain (Dynesius and Nilsson 1994, Nilsson et al. 2005, Schook et al. 2016). 
Additionally, a modified flow regime results in serial discontinuity in plant, fish, 
zooplankton, and macroinvertebrate distributions (Zhou et al. 2008). Moreover, it 
results in increased macrophyte abundance, excessive submerged macrophytes 
growth (Bunn and Arthington 2002), and impoverished habitats for organisms 
adapted to a natural discharge regime (Dynesius and Nilsson 1994). In regulated 
rivers, the abundance and recruitment of native fishes is altered (Humphries et al. 
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2008), and fish species diversity is decreased (Gehrke et al. 1995). 
Macroinvertebrate populations also exhibit declines in taxon richness and 
interspecies abundance shifts due to river flow regulation (Holt et al. 2015). In 
particular, when weirs interrupt a river’s longitudinal pathway, plant communities 
become fragmented and plant dispersal is reduced (Nilsson and Svedmark 2002).  
1.4. Objectives of the study  
The 12 species of submerged macrophytes included in this study 
(Ceratophyllum demersum, 붕어마름; Hydrilla verticillata, 검정말; 
Myriophyllum spicatum, 이삭물수세미; Najas graminea, 나자스말; N. marina, 
민나자스말; Potamogeton crispus, 말즘; P. maackianus, 새우가래; P. malaianus, 
대가래; P. octandrus, 애기가래; P. oxyphyllus, 말; P. pusillus, 실말 and 
Vallisneria natans, 나사말) are distributed in river regions that are within their 
environmental condition tolerances. These species are cosmopolitan angiosperms 
with extensive worldwide ranges (Zhou et al. 2016). Because of the widespread and 
extensive submerged macrophytes increases since large-scale weir construction was 
undertaken, this study focused on identification of the relationships between the 
submerged macrophytes and environmental factors in four major Korean rivers. 
In chapter 2, the distribution of submerged macrophytes and environmental 
conditions in the five rivers are described. In addition, the prime environmental 
factors related to occurrence of submerged macrophytes in those rivers are 
demonstrated. 
In chapter 3, short-term changes in submerged macrophyte communities and 
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water column conditions at monitoring sites are described. Additionally, 
environmental gradient factors that significantly influenced submerged macrophytes 
community structure and diversity are identified. 
In chapter 4, due to the explicit links between submerged macrophytes and 
water quality, predicting the distribution of potential habitats for submerged 
macrophytes in the four rivers is undertaken by using occurrence data for the two 
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Natural rivers in temperate climates display seasonal fluctuations in water 
levels and discharge levels (Hudon 1997). Physical barriers such as weirs and dams 
disrupt these natural variations and alter the aquatic community structure and habitat 
quality (Almeida et al. 2009, Mueller et al. 2011). Throughout the world, river 
ecosystems have been fragmented, degraded, and threatened (Manolaki and 
Papastergiadou 2016). Recently, in Korea, the flow regime and water quality of 
major river ecosystems has been changed by “The Four Major Rivers Project” 
(2009–2012). The goals of this national project were to reduce flooding, improve 
water quality, and secure water resources by constructing three dams and 16 large 
weirs (Lah et al. 2015). The natural flow regime has been greatly altered from lotic 
to lentic conditions, and submerged macrophytes have become widely distributed 
throughout the river ecosystems in Korea. Flow regime is a major determinant of 
physical habitats in streams and rivers, which in turn regulates biotic composition 
(Bunn and Arthington 2002). The effectiveness of the river project is currently 
subject to debate, so ecological monitoring of submerged macrophytes and 
environmental conditions in the newly altered flow regime is necessary. 
Dams and weirs modify natural flow regimes and reduce regional differences 
and environmental heterogeneity across broad geographic scales (Poff et al. 2007). 
Regional homogenization also changes (increases or decreases) local species 
diversity (Johnson et al. 2014). A reduction in water flow variability reduces channel 
complexity and leads to homogeneity of aquatic habitats, fish fauna, and native 
species community (Moyle and Mount 2007). Habitat loss reduces species diversity 
by increasing ecosystem homogeneity, which reduces the numbers of plant species 
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within aquatic communities (Airoldi et al. 2008, Johnson et al. 2014). This process 
is defined as biotic homogenization (McKinney and Lockwood 1999). 
Most species of submerged macrophytes are usually dispersed by vegetative 
parts and seeds that are buoyant and move long distances through flowing water (Riis 
and Sand-Jensen 2006). These dispersals are driven primarily by unidirectional 
downstream flow, which causes the offspring plants to migrate far away from the 
parental plants (Liu et al. 2006, Riis and Sand-Jensen 2006). However, the 
construction of dams and weirs transforms flowing rivers into stairs of fragmented 
lake-like water bodies, which severely disrupts the dispersal of waterborne diaspores 
of vascular plants (Jansson et al. 2000) and vegetative propagules that are detached 
by strong flow (Riis and Sand-Jensen 2006). Furthermore, water flow regulation 
affects the natural riverine soil seed bank dynamics (Greet et al. 2013) and reduces 
native plant cover in riparian wetlands (Catford et al. 2011). 
Submerged macrophytes occurrence was observed accidentally, although 
submerged macrophytes inhabit in the same water corridor and under limited 
dispersal conditions. The submerged macrophytes occurrence was assumed to have 
been caused by local environmental factors. Light availability (Michael Kemp et al. 
2004), temperature (Rooney and Kalff 2000), nutrients (Chambers and Kalff 1987), 
and sediment composition (Jones et al. 2012) are recognized as physical and 
chemical factors limiting submerged macrophyte establishment, survival, and 
growth. However, no previous studies in Korea have examined submerged 
macrophyte occurrence and environmental factors in major rivers and streams. Flora 
surveys of submerged and riparian plants were conducted only in local streams (Lee 
2009) and wetland (You et al. 2008). In this study, using an intensive field survey, I 
report the distribution of submerged macrophytes and environmental conditions in 
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the five rivers, Han River, Geum River, Nakdong River, Yeongsan River and 
Seomjin River. 
An essential step in the river management is identifying the distribution patterns 
of submerged macrophytes, and environmental factors related to submerged 
macrophytes. In this study, I characterized the submerged macrophytes distribution 
and the environmental factors in the water columns. I also demonstrate 
dissimilarities in submerged macrophytes distribution and environmental factors 
between the rivers. To achieve these goals, the following three questions were posed 
(1) How distinct are submerged macrophytes distributions and environmental factors 
in the four rivers? (2) Which plants and environmental factors contribute the 
dissimilarities between the rivers? (3) What are the prime environmental factors 
related to submerged macrophytes occurrence, irrespective of environmental 
condition in each river? 
2.2. Materials and methods 
2.2.1. Study area 
This study was conducted during two growing seasons (May–September, 2014–
2015) in the following five major rivers of Korea (33–39° N, 124–130° E): Han 
River (34,428 km2, basin area), Geum River (9,914 km2), Nakdong River (23,690 
km2), Yeongsan River (3,469 km2), and Seomjin River (4,914 km2) (WAMIS, 
http://www.wamis.go.kr/eng/WKB_BSNSP_LST.aspx). The climate is temperate, 
with an annual mean temperature of 10–14°C and mean annual precipitation of 
1,200–1,300 mm (Korea Meteorological Administration), and most rain occurs 
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during the summer (JuneAugust). Vegetation surveys were conducted at 197 chosen 
sites in the rivers and tributaries, including 71 sites in the Han River, 43 sites in the 
Geum River, 46 sites in the Nakdong River, 27 sites in the Yeongsan River, and 10 
sites in the Seomjin River (Fig. 2-1). These sites were assigned to water quality 
monitoring towers operated by the Ministry of Environment. 
 
 
Fig. 2-1. Locations of the 197 study sites, including the 71 sites 
along the Han River, 43 sites along the Geum River, 46 sites 
along the Nakdong River, 27 sites along the Yeongsan River, and 
10 sites along the Seomjin River. 
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2.2.2. Data collection 
Monthly water quality data were compiled from the Ministry of Environment’s 
national water quality measurement network (http://water.nier.go.kr) and averaged 
from January 2012 to October 2015. Some study sites were not assigned to water 
quality monitoring towers, and these sites were matched to the nearest monitoring 
towers within 5 km. Water chemical parameters, inculuding biochemical oxygen 
demand (BOD), chlorophyll a, ammonium nitrogen, nitrate nitrogen, suspended 
solids, total nitrogen, total dissolved phosphorous, total organic carbon, and total 
phosphorus are known to be important submerged macrophytes. Chlorophyll a and 
suspended solids in water condition represent the influence of light availability 
(Koch 2001, Rooney et al. 2013). In particular, chlorophyll a is used as a proxy for 
total phytoplankton biomass (Arthaud et al. 2013). Ammonium nitrogen, nitrate 
nitrogen, total nitrogen, total dissolved phosphorous, and total phosphorus indicates 
the role of nutrients, and contribute to the eutrophication of a water body (Hwang et 
al. 2016). BOD means the amount of dissolved oxygen required by aerobic microbial 
organisms in water to break down organic matters; higher values of BOD mean 
higher polluted water conditions (Hwang et al. 2016).  
Vegetation surveys were conducted, and presence-absence of each species was 
recorded using a belt transect (50 × 2 m) positioned 1 m apart from the edge of river 
in the direction of river flow (Dawson et al. 1999, Riis et al. 2001), while taking into 
consideration that submerged macrophytes rarely inhabit depths exceeding 2.5 m 
(Angradi et al. 2013). The presence/absence of submerged macrophytes species at 
each site was surveyed by direct observation through the water surface and sampling 
with a rake for confirmation (Gurnell et al. 2010). All species were identified using, 
Choi (2000), Kim et al. (2002), Lee (2003), Na (2010) and “The Korean Plant Names 
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Index (KPNI)” database (www.nature.go.kr/ekpni/SubIndex.do). I also conducted 
three measurements of water depth and water velocity, which were then averaged. 
Water velocity (Flowatch; JDC Electronic SA, Yverdon-les-Bains, Switzerland) and 
water depth (meter stick) in each transect were measured where vegetation was most 
abundant. If submerged macrophytes were absent from the selected sites, the belt 
transect was spaced 1 m apart from the edge of river, and water depth and water 
velocity were measured in triplicate at the midpoint of transect. 
2.2.3. Statistical analysis 
Statistical analyses were performed using the R program (R Development 
CoreTeam 2016). To determine whether composition of submerged macrophytes 
differed between the four rivers (Han, Geum, Nakdong, and Yeongsan Rivers), the 
following analytical procedures were conducted. Data from Seomjin River was 
excluded because of low sample size. Species presence-absence data were fitted 
along with the four rivers using detrended correspondence analysis (DCA) (Bastow 
Wilson 2012) and the “envfit” function with 999 permutations (Alday et al. 2011). 
Standard deviation ellipses were defined for river positions on the biplot. For each 
four rivers, the importance value was calculated for each species (importance value 
= relative cover + relative frequency) (Schlising and Sanders 1982). To test the 
statistical significance of differences between species composition of submerged 
macrophytes in the rivers, permutational multivariate analysis of variance 
(PERMANOVA) was performed using distance matrices (“adonis” function in vegan 
package) (Oksanen et al. 2013) with the Bray-Curtis index (Ross et al. 2012). When 
PERMANOVA manifested significant differences between the rivers, the similarity 
percentages (SIMPER, “simper” function in vegan package) (Oksanen et al. 2013) 
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were analyzed using species presence-absence data to identify the differences in 
species composition and environmental factors between the rivers (Florentine et al. 
2013). The statistical significance of differences between two rivers was calculated 
using Mann-Whitney U test (Coccia et al. 2016). Environmental factors for SIMPER 
analysis were transformed with log (x + 1) to reduce the influence of high values 
between variables. To elucidate the main environmental factors related to occurrence 
of submerged macrophytes, I performed Student’s t-test between sites with and 
without submerged macrophytes. 
2.3. Results 
2.3.1. Spatial distribution of submerged macrophytes 
The 12 different species of submerged macrophytes in 128 of the 197 surveyed 
sites were identified (Table 2-1). The occurrence of Myriophyllum spicatum was 
highest in the five rivers, followed by Hydrilla verticillata, Potamogeton crispus, 
Ceratophyllum demersum, P. malaianus, and Vallisneria natans. By contrast, Najas 
graminea, P. octandrus, P. oxyphyllus, and P. pusillus were rare species that were 
identified in fewer than ten sites in the five rivers (Table 2-2). The primary species 
that were abundant in the five rivers were as follows: M. spicatum and H. verticillata 
in the Geum River; M. spicatum and P. crispus in the Han River; M. spicatum, P. 
crispus, H. verticillata, and C. demersum in the Nakdong River; H. verticillata and 
N. marina in the Yeongsan River; H. verticillata in the Seomjin River. Hydrilla 
verticillata was relatively evenly distributed in the five rivers. All 12 species were 
distributed in the Han River, whereas ten species were distributed in the Geum and 
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Yeongsan Rivers, nine species in Nakdong River, four species in Seomjin River. 
Table 2-1. List of 12 species of submerged macrophytes included in the study 
Scientific name (Korean name) Life form 
Ceratophyllaceae (붕어마름과)  
Ceratophyllum demersum (붕어마름) Perennial 
Haloragaceae (개미탑과)  
Myriophyllum spicatum (이삭물수세미) Perennial 
Hydrocharitaceae (자라풀과)  
Hydrilla verticillata (검정말) Perennial 
Vallisneria natans (나사말) Perennial 
Najadaceae (나자스말과)  
Najas graminea (나자스말) Annual 
Najas marina (민나자스말) Annual 
Potamogetonaceae (가래과)  
Potamogeton crispus (말즘) Perennial 
Potamogeton maackianus (새우가래) Perennial 
Potamogeton malaianus (대가래) Perennial 
Potamogeton octandrus (애기가래) Perennial 
Potamogeton oxyphyllus (말) Perennial 

























































































































































































































































































































































































































































































































































































































































































































































2.3.2. Comparison of submerged macrophytes species and 
environmental factors between the four rivers 
The four rivers overlaid on the DCA biplot (gradient length 1 = 3.45, gradient 
length 2 = 4.25) are presented using species presence-absence data (Fig. 2-2). The 
first two axes in the DCA ordination explained a total of 57% variation between the 
rivers. The river ellipses overlapped with each other; however, the PERMANOVA 
analysis using “adonis” function indicated that vegetation composition differed 
significantly between the four rivers (r2 = 0.12, p = 0.001). 
Results from importance values suggest that some species were more likely to 
be dominant in the four rivers: Myriophyllum spicatum and Hydrilla verticillata. 
Myriophyllum spicatum, H. verticillata, and Potamogeton crispus in the Geum and 
Han Rivers were important species (Table 2-3 and 2-4). Ceratophyllum demersum 
and P. crispus in the Nakdong River were also important species (Table 2-5). In the 
Yeongsan River, Najas marina was the dominant species (Table 2-6).  
The species presence-absence data were analyzed using SIMPER, which 
revealed vegetation dissimilarities between the four rivers (Appendix 1). The species 
composition between rivers were similar, whereas occurrence rates (prevalence) 
were primarily responsible for the observed variations in dissimilarity between rivers. 
The SIMPER analysis indicated that species composition was most dissimilar in the 
Han and Yeongsan Rivers (similarity = 25%), whereas the greatest similarity in 
species composition was observed in the Han and Nakdong Rivers (similarity = 
42%). Najas marina, Hydrilla verticillata, Myriophyllum spicatum, and 
Potamogeton crispus primarily accounted for the dissimilarities in the Han and 
Yeongsan Rivers, whereas Ceratophyllum demersum, H. verticillata and N. marina 
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Fig. 2-2. Detrended correspondence analysis (DCA) ordination of surveyed sites 
and submerged macrophytes species. (A) Open circles represent 121 sites with 
submerged macrophytes. The four ellipses represent four rivers based on the 
standard deviations: black, Han River; red, Geum River; green, Nakdong River; blue, 
Yeongsan River. (B) The observed submerged macrophytes species included C.de, 
Ceratophyllum demersum; H.ve, Hydrilla verticillata; M.sp, Myriophyllum spicatum; 
N.gr, Najas graminea; N.ma, N. marina; P.cr, Potamogeton crispus; P.ma, P. 
malaianus; P.mc, P. maackianus; P.oc, P. octandrus; P.ox, P. oxyphyllus; P.pu, P. 




Table 2-3. The importance values of 12 species of submerged 
macrophytes in the Geum River (n = 22) 
Species Importance value 
Myriophyllum spicatum 0.305 
Hydrilla verticillata 0.193 
Potamogeton crispus 0.165 
Vallisneria natans 0.092 
Potamogeton malaianus 0.068 
Potamogeton pusillus 0.055 
Ceratophyllum demersum 0.051 
Najas marina 0.044 
Potamogeton maackianus 0.021 
Potamogeton oxyphyllus 0.005 
Najas graminea 0.000 





Table 2-4. The importance values of 12 species of submerged 
macrophytes in the Han River (n = 55) 
Species Importance value 
Myriophyllum spicatum 0.404 
Potamogeton crispus 0.182 
Hydrilla verticillata 0.113 
Ceratophyllum demersum 0.061 
Potamogeton malaianus 0.059 
Potamogeton maackianus 0.054 
Vallisneria natans 0.053 
Potamogeton pusillus 0.030 
Potamogeton octandrus 0.019 
Potamogeton oxyphyllus 0.017 
Najas marina 0.008 





Table 2-5. The importance values of 12 species of submerged 
macrophytes in the Nakdong River (n = 33) 
Species Importance value 
Myriophyllum spicatum 0.290 
Ceratophyllum demersum 0.216 
Hydrilla verticillata 0.176 
Potamogeton crispus 0.156 
Vallisneria natans 0.063 
Potamogeton malaianus 0.038 
Najas marina 0.032 
Potamogeton maackianus 0.017 
Potamogeton oxyphyllus 0.013 
Najas graminea 0.000 
Potamogeton pusillus 0.000 





Table 2-6. The importance values of 12 species of submerged 
macrophytes in the Yeongsan River (n = 11) 
Species Importance value 
Hydrilla verticillata 0.333 
Najas marina 0.300 
Myriophyllum spicatum 0.202 
Potamogeton malaianus 0.056 
Ceratophyllum demersum 0.054 
Potamogeton octandrus 0.021 
Potamogeton oxyphyllus 0.012 
Potamogeton maackianus 0.012 
Vallisneria natans 0.009 
Najas graminea 0.000 
Potamogeton crispus 0.000 




SIMPER analysis of environmental factors (Appendix 2) indicated that 
environmental factors do not remarkably contribute to dissimilarities between the 
rivers. The similarities of environmental factors between the rivers ranged from 79% 
(Geum-Yeongsan Rivers and Han-Yeongsan Rivers) to 81% (Han-Nakdong Rivers). 
Although decisive dissimilarities between environmental factors were not identified, 
ammonium nitrate, nitrate nitrogen, and total nitrogen were significantly different 
between the rivers (Fig. 2-3). The Han River had higher ammonium nitrogen 
concentrations, and the Yeongsan River had lower nitrate nitrogen and total nitrogen 











Fig. 2-3. Boxplots for (A) ammonium nitrogen (NH4N), (B) nitrate nitrogen 
(NO3N), and (C) total nitrogen (TN). Boxplots encompass the 25% and 75% 
quartiles; the central solid lines represent the median. Bars extend to the 95% 
confidence limits; open circles identify outliers. Significant differences in 
environmental factor values between rivers were determined by the Mann-
Whitney U test. Connecting lines show significant differences between rivers; 
***, p < 0.001; **, p < 0.01; *, p < 0.05. Geum River (n = 22); Han River (n = 






2.3.3. Environmental factors related to occurrence of 
submerged macrophytes 
The main chemical and physical parameters of the water column are presented 
in Table 2-7. BOD, chlorophyll a (used as a proxy for total phytoplankton biomass), 
suspended solids, and water temperature during the growing season were 
significantly higher in sites without submerged macrophytes (p < 0.004). In 
particular, the mean values of chlorophyll a and suspended solids were two-fold 
higher at non-vegetated sites than at vegetated sites.   
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Table 2-7. Chemical and physical parameters of the water column at sites with 
and without vegetation. Environmental parameters are presented as means ± 
standard errors of monthly measurements from 2012–2015. Water temperature (WT) 
was calculated during the growing season (May–October), and water depth (WD) 
and velocity (WV) were measured on the sampling date. Bold text indicates 
significant differences (p < 0.001) by Student’s t-test between sites with and without 
vegetation 
Parameter 
Sites with vegetation (n = 128) 
  Sites without vegetation 
(n = 69) 
p-value 
Mean ± SE Range 
 
Mean ± SE Range 
BOD [mg L-1] 2.2 ± 0.2 0.6–14.3  3.1 ± 0.2 0.6–9.8 0.004 
Chla [mg m-3] 10.7 ± 0.7 2.1–45.4  20.6 ± 2.1 0.8–65.0 <0.001 
NH4N [mg L-1] 0.70 ± 0.14 0.03–8.23  0.80 ± 0.12 0.02–4.25 0.063 
NO3N [mg L-1] 2.26 ± 0.09 0.51–5.88  2.26 ± 0.11 0.54–4.03 0.985 
SS [mg L-1] 7.7 ± 0.4 1.2–31.6  13.1 ± 0.9 1.1–35.6 <0.001 
TDP [mg L-1] 0.07 ± 0.01 0.01–1.26  0.09 ± 0.01 0.01–0.60 0.334 
TN [mg L-1] 3.78 ± 0.24 0.91–15.05  3.86 ± 0.24 0.86–10.08 0.152 
TOC [mg L-1] 3.12 ± 0.14 0.94–11.77  3.81 ± 0.22 1.16–9.25 0.844 
TP [mg L-1] 0.10 ± 0.01 0.02–1.51  0.12 ± 0.01 0.02–0.74 0.214 
WT [°C] 22.8 ± 0.2  17.7–25.5  23.6 ± 0.1 20.2–26.0 <0.001 
WD [m] 0.61 ± 0.03 0.15–1.60  0.62 ± 0.04  0.10–1.20 0.960 
WV [m s-1] 0.09 ± 0.01 0.00–0.90  0.13 ± 0.02  0.00–0.83 0.960 
Note: Biochemical oxygen demand (BOD), chlorophyll a (Chla), ammonium 
nitrogen (NH4N), nitrate nitrogen (NO3N), suspended solids (SS), total dissolved 
phosphorous (TDP), total nitrogen (TN), total organic carbon (TOC), total 







2.4.1. Comparison of submerged macrophytes and 
environmental factors between the four rivers  
This research identified differences in distributions of submerged macrophytes 
and environmental factors between the four major rivers in Korea, and determined 
the relationships between environmental factors and occurrence of submerged 
macrophytes. The most abundant species in the four rivers, Myriophyllum spicatum, 
Hydrilla verticillata, and Potamogeton crispus, have the ability to tolerate wide 
differences in environmental conditions and to displace other plants (Kenneth 1996, 
Takamura et al. 2003). The seven major aquatic plant species contributing to 
vegetation dissimilarities observed in these rivers included H. verticillata, M. 
spicatum, Ceratopnyllum demersum, P. crispus, Najas marina, P. maackianus, and 
P. pusillus. However, environmental factors did not remarkably differ between the 
rivers. Although environmental factors were highly similar, I detected significant 
differences between the four rivers with respect to ammonium nitrogen, nitrate 
nitrogen, and also in total nitrogen concentration. The Yeongsan River had lower 
nitrate nitrogen and total nitrogen concentrations that were distinct from those of 
other rivers, although the sample size of the Yeongsan River was limited.   
Although there were dissimilar in occurrence rates (prevalence) of submerged 
macrophytes between the surveyed rivers, species composition and environmental 
conditions across rivers are homogeneous.   
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2.4.2. Parameters related to occurrence of submerged 
macrophytes  
Occurrence of submerged macrophytes in the observed sites was related to the 
levels of BOD, chlorophyll a, suspended solids, and the water temperature during 
the growing season. It was difficult to demonstrate the cause-effect relationship 
between establishment or occurrence of submerged macrophytes, and environmental 
conditions. However, BOD, chlorophyll a, suspended solids, and water temperature 
were significantly different in sites with and without submerged macrophytes. These 
critical parameters, which are directly or indirectly related to light availability for 
photosynthesis, were higher at sites without submerged macrophytes than at sites 
with submerged macrophytes. Similar to this findings, Søndergaard et al. (2010) 
found that chlorophyll a and suspended solids concentration had negative 
relationships with macrophyte coverage and volume.  
Chlorophyll a is a photosynthetic pigment present in phototrophs such as 
phytoplankton, algae, and cyanobacteria (Gregor and Maršálek 2004). It is 
commonly used as a proxy for total phytoplankton biomass, which is strongly related 
to nutrient content (Arthaud et al. 2013). Phytoplankton grow fast, require substantial 
amounts of nutrients, and compete with periphyton and macrophytes for light and 
nutrients (Sand-Jensen and Borum 1991). These results for chlorophyll a were 
consistent with data obtained by Takamura et al. (2003), which showed that 
chlorophyll a concentrations were significantly lower in sites with submerged 
macrophytes than in sites without submerged macrophytes. Increased nutrient 
loading has a crucial role in freshwater ecosystems in the shift of water from a 
macrophyte-dominated clear state to a phytoplankton-dominated turbid state. 
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Therefore, phytoplankton dynamics should be examined with respect to the presence 
or absence of submerged macrophytes (Takamura et al. 2003, Sultana et al. 2010). 
Moreover, growth and distribution of submerged macrophytes rely on periphyton 
colonization of plant surfaces, which inhibits plant nutrient uptake and 
photosynthesis (Sand-Jensen 1977, Sultana et al. 2010). 
Suspended solids are the mass or concentration of fine organic and inorganic 
matter, and turbidity is often used as a proxy measure of suspended solids (Bilotta 
and Brazier 2008). Physical and chemical alterations caused by suspended solids 
include reduced light penetration, temperature changes, oxygen shortages, and 
release of contaminants (Ryan 1991, Kronvang et al. 2003, Bilotta and Brazier 2008). 
Light has been considered a major factor affecting the distribution and abundance of 
submerged macrophytes, and some parameters can alter light availability, for 
example, fine particles, dissolved inorganic nitrogen and phosphorous, epiphytic 
biomass, and suspended chlorophylls (Koch 2001). Gradients of turbidity and 
transparency in lentic ecosystems and shading by a riparian canopy in lotic 
ecosystems are crucial predictors of distribution and abundance of submerged 
macrophytes (Mackay et al. 2003, Lacoul and Freedman 2006). Although submerged 
macrophytes productivity is limited by availability of phosphorous and nitrogen 
(Lacoul and Freedman 2006), it is more affected by water transparency rather than 
by the phosphorous concentration (Lehmann and Lachavanne 1999). 
In general, submerged macrophytes have a wide tolerance for water temperature, 
and can survive at low temperature; for example, Myriophyllum spicatum and 
Hydrilla verticillata seeds germinate at 15°C (Hartleb et al. 1993, Rybicki and Carter 
2002, Lacoul and Freedman 2006) and Potamogeton crispus germinates at 16°C 
(Jian et al. 2003). Higher temperature positively influences vegetative propagation 
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by promoting fragmentation of the monoecious biotype (Lacoul and Freedman 2006) 
and the extent of macrophyte colonization (Duarte and Kalff 1987). However, high 
water temperature combined with deteriorated water quality can adversely affect 
chemical reaction kinetics (Whitehead et al. 2009) and generally increases water 
column turbidity (Rooney and Kalff 2000). Accordingly, high water temperature can 
impede submerged macrophytes growth by limiting light availability.  
A number of factors affect composition of submerged macrophytes in river 
ecosystems. Species composition of submerged macrophytes in a lentic environment 
is related to not only water chemistry but also topography, flooding, scouring, water 
level, substratum composition, and interactions with other biota (Bunn and 
Arthington 2002, Takamura et al. 2003). For example, if water level and hydrological 
events are relatively stable, submerged macrophytes in the littoral zone tend to 
stabilize with low species richness and diversity because of strong competition under 
stable conditions (Lacoul and Freedman 2006). Even when the chemical 
requirements for submerged macrophytes are met, biological, physical, geological 
and geochemical parameters should also be considered as factors affecting 
establishment and development of submerged macrophytes (Koch 2001). Climate 
change and future land use also affect river water quality; for example, total 
suspended solids and phosphorus concentration are predicted to be higher under the 
climate change scenario (Wilson and Weng 2011). River flows and dilution of water 
contaminants could be affected by projected changes in air temperature and rainfall 
(Whitehead et al. 2009). Earlier growing seasons, which are predicted under climate 
change, would result in greater productivity and wider distribution of submerged 
macrophytes, thereby modifying the community structures and functions in 
temperate freshwater ecosystems (Rooney and Kalff 2000). 
 
37 
Optimal management for river ecosystems requires basic information on spatial 
distribution of submerged macrophytes and environmental factors. Despite the lack 
of long-term data for submerged macrophytes, information on the distribution of 
submerged plants of post-regulation is potentially valuable for the conservation of 
aquatic habitats. The cumulative data should enable informed conclusions to be 
made about changes in vegetation and environmental conditions in river ecosystems 
because many of dominant species revealed in this study are cosmopolitan aquatic 






















 The relationships between submerged 






A submerged macrophyte community consists of plants growing together in a 
particular location that have similar environmental requirements; however, different 
submerged macrophyte communities may have different habitat requirements, which 
include stream size, water chemistry, water velocity, and substratum type (Riis et al. 
2000). Submerged macrophyte communities are variable in composition and, as 
water transparency decreases, can change from submerged plants (e.g., Chara spp.), 
to canopy producing submerged plants (e.g., Potamogeton spp.), to floating-leaved 
plants (e.g., Trapa spp.), and to emergent plants (e.g., Typha spp.) (Chambers 1987, 
Egertson et al. 2004). With this shift in communities, abundance and diversity of 
submerged macrophytes typically decrease (Egertson et al. 2004). Curves fit to 
species-abundance distributions are used to evaluate community maintenance, 
analyze community structure, and infer community properties (Connolly and 
Thibaut 2012). 
Disturbance and productivity are primary factors that regulate species richness 
in plant communities (Pollock et al. 1998). Huston (1979) proposed that species 
richness will be highest at intermediate levels of disturbance and productivity-stress. 
According to this theory, the most tolerant species can live under extreme stress and 
disturbance, whereas the most competitive species adapt to minimal stress and high 
productivity (Makkay et al. 2008). At intermediate levels of disturbance/productivity, 
both competitive and disturbance-tolerant species co-exist (Arthaud et al. 2013). The 
recent reductions in biodiversity have generated both scientific and political interest, 
largely as a result of the dramatic effects caused by human-induced changes in 
ecosystems (Lopatin et al. 2016). The diversity of submerged macrophyte 
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communities has been studied in relation to factors correlated with disturbance, such 
as flood frequency (Riis and Biggs 2003), water level fluctuation (Riis and Hawes 
2002), boat traffic (Buchan and Padilla 2000), and water velocity (Nilsson 1987), 
and in relation to factors correlated with productivity and stress, such as nutrient 
concentrations (Rolon and Maltchik 2006), light availability (Bolpagni et al. 2016), 
and standing crop (Makkay et al. 2008). 
In addition to disturbance and productivity, diversity is also strongly influenced 
by spatial heterogeneity (Pollock et al. 1998). Environmental heterogeneity includes 
local environmental factors at small spatial scales, which can affect plant 
composition and diversity (Paudel and Vetaas 2014) by providing a high diversity of 
niches (Lopatin et al. 2016). The diversity and richness of submerged macrophyte 
communities are closely correlated with aspects of environmental heterogeneity that 
include the shade of riparian trees (Gee et al. 1997), water transparency (Vestergaard 
and Sand-Jensen 2000), water trophic state (Toivonen and Huttunen 1995), 
substratum composition (Baattrup-Pedersen and Riis 1999), landscape features 
(Cheruvelil and Soranno 2008), wave exposure (Koch 2001), and spatial scale 
(Ranieri et al. 2015). 
 The essential roles of submerged macrophytes in rivers are primary production 
and providing shelters for aquatic organisms (Rolon and Maltchik 2006). However, 
by forming dense beds, submerged macrophytes also negatively affect the diversity, 
impede water flow, and reduce the open area in littoral zones (Buchan and Padilla 
2000). An understanding of the mechanisms for changes in the submerged 
macrophyte community and the relationships between diversity and the local 
environment is an essential step for river ecosystem management and suitable 
ecosystem quality assessments (Chappuis et al. 2014). Additionally, to develop 
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appropriate strategies for conservation and management for submerged macrophytes, 
identifying and monitoring species richness is necessary (Turner et al. 2003, Lopatin 
et al. 2016). In Korea, the structure of submerged macrophyte communities remains 
unexplored, and the influence of environmental factors on submerged macrophyte 
diversity has yet to be surveyed comprehensively.  
In the present study, an extensive area of the major rivers and tributaries in 
Korea, covering wide gradients of water velocity and water chemistry, was examined. 
The primary goal of this study was to determine the short-term changes in submerged 
macrophytes communities and water column conditions. Additionally, the 
environmental gradient factors that significantly influenced submerged macrophytes 
community structure and diversity were identified. 
3.2. Methods 
3.2.1. Study area 
A total of 197 sites were selected and studied during two growing seasons (from 
May to September in 2014 and 2015) in rivers and tributaries in Korea (33°–39° N, 
124°–130° E). Among these sites, two sites were used for short-term monitoring for 
three years (summer season, from 2014 to 2016), which were in Han River (37°29.1' 
N, 127°29.3' E; Yangpyeong site) and Nakdong River (36°24.7' N, 128°14.8' E; 
Sangju site) (Fig. 3-1). These monitoring sites were located close to the large-scale 







Fig. 3-1. Locations of classified submerged macrophyte communities at 128 
vegetated sites of submerged macrophytes at the Korean streams. ● C.de, 
Ceratophyllum demersum community; ▲ H.ve, Hydrialla verticillata 
community; ■ M.sp, Myriophyllum spicatum community; ◆ P.cr, 
Potamogeton crispus community; ◇ V.na, Vallisneria natans community; △
Others, the others community. The three-year monitoring sites, Yangpyeong site 
in Han River (37°29.1' N, 127°29.3' E) and Sangju site in Nakdong River 
(36°24.7' N, 128°14.8' E). 
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3.2.2. Data collection 
Vegetation was investigated using a belt transect (50 × 2 m) along the river flow 
(Dawson et al. 1999, Riis et al. 2001). At each site, species were observed directly 
from the water surface, with sampling with a rake for confirmation (Gurnell et al. 
2010), or sometimes from a boat. Species and percent coverage were recorded for a 
total of 128 vegetated sites among the 197 sites. The remaining 69 sites did not 
contain submerged macrophytes and were not included in the current analysis. 
Studied sites were assigned to water quality monitoring towers to obtain water 
quality data from the Ministry of Environment’s national water quality measurement 
network (http://water.nier.go.kr); the data were from January 2012 to October 2015 
and averaged monthly. Water chemical parameters, including BOD, chlorophyll a, 
ammonium nitrogen, nitrate nitrogen, suspended solids, total nitrogen, total 
dissolved phosphorous, total organic carbon, and total phosphorus are known to be 
important submerged macrophytes. Water quality data of the Yangpyeong and 
Sangju monitoring sites were acquired from January 2012 to September 2016. 
Because Sangju site was not exactly assigned to a water quality monitoring tower, I 
obtained water quality data of Sangju site from two monitoring towers; upstream 
(“Donam” water monitoring tower) and downstream (“Sangju2” water monitoring 
tower). In Chapter 2, I described the details of the methods of data collection for 
water depth and water velocity. Representative substratum types in each transect 
were recorded and categorized as boulder (> 256 mm diameter), cobble (64–256 
mm), pebble (16–64 mm), and fines (< 16 mm) (Gurnell et al. 2010). The primary 
chemical and physical parameters of the water column at the 128 vegetated sites are 




Table 3-1. Descriptive statistics for chemical and physical variables of 128 
vegetated sites. Biochemical oxygen demand, chlorophyll a, ammonium nitrogen, 
nitrate nitrogen, suspended solids, total dissolved phosphorus, total nitrogen, total 
organic carbon, and total phosphorus were presented as means ± standard errors of 
monthly measurements from 2012 to 2015. Water temperature was calculated for the 
growing season (from May to October), and the representative substratum type, 
water depth, and water velocity were measured on the sample date 
Variable Mean ± SE Range 
Biochemical oxygen demand [mg L-1] 2.2 ± 0.2 0.6–14.3 
Chlorophyll a [mg m-3] 10.7 ± 0.7 2.1–45.4 
Ammonium nitrogen [mg L-1] 0.70 ± 0.14 0.03–8.23 
Nitrate nitrogen [mg L-1] 2.26 ± 0.09 0.51–5.88 
Suspended solids [mg L-1] 7.7 ± 0.4 1.2–31.6 
Total dissolved phosphorus [mg L-1]  0.07 ± 0.01 0.01–1.26 
Total nitrogen [mg L-1] 3.78 ± 0.24 0.91–15.05 
Total organic carbon [mg L-1] 3.12 ± 0.14 0.94–11.77 
Total phosphorus [mg L-1] 0.10 ± 0.01 0.02–1.51 
Water temperature [°C] 22.8 ± 0.2  17.7–25.5 
Water depth [m] 0.61 ± 0.03 0.15–1.60 
Water velocity [m s-1] 0.09 ± 0.01 0.00–0.90 
Representative substratum type   
   Fines (< 16 mm) 51 sites  
   Pebble (16–64 mm) 26 sites  
   Cobble (64–256 mm) 33 sites  





3.2.3. Diversity index and water quality changes 
Studied sites were grouped into five representative communities based on the 
most abundant species (Riis et al. 2000). Fewer than ten sites were grouped into a 
community characterized as “others”. When two dominant species had the identical 
cover at a given site, the site was classified into the community with fewer total 
numbers to balance the numbers among communities. The diversity indices were 
species richness and the Shannon diversity index. For each site, the importance value 
for each species was calculated (importance value = relative cover + relative 
frequency) (Schlising and Sanders 1982) and the species richness was determined as 
the number of species for submerged macrophytes (Angeler and Drakare 2013). The 
Shannon diversity index was also determined (McClanahan 1986). The changes in 
water quality for five years were represented at the two monitoring sites 
(Yangpyeong and Sangju sites) using “ggplot2” package (Wickham 2009); BOD, 
chlorophyll a, ammonium nitrogen, nitrate nitrogen, suspended solids, total nitrogen, 
total organic carbon, and total phosphorus.  
3.2.4. Environmental factors influencing the submerged 
macrophyte community  
Statistical analyses were performed using the R statistical software package (R 
Development Core Team 2016), with significance levels either significant (p < 0.05) 
or nonsignificant (p > 0.05) (Zhang et al. 2016). Before analyses, the covariation 
among the environmental variables was tested using Pearson correlation analysis 
(Rolon and Maltchik 2006) (Table 3-2). The variables with a correlation coefficient 
greater than 0.75 were excluded to eliminate interference from multicollinearity 
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(Kuhn and Johnson 2013). Ultimately, five water chemicals (chlorophyll a, 
ammonium nitrogen, nitrate nitrogen, suspended solids, total phosphorous) were 
selected and included in all analyses. In addition, representative substratum type, 
water depth, and water velocity were included in analyses.    
 Mean diversity indices were compared among communities using Mann-
Whitney U tests because of different variances and sample sizes (Cardinale et al. 
2002). Canonical correspondence analysis (CCA) was used to determine correlations 
between submerged macrophyte communities and environment variables. The CCA 
is a multivariate constrained ordination which extracts the primary environmental 
gradients within the community composition using abundance data (Bergfur and 
Sundberg 2014). Stepwise selection using 999 Monte Carlo permutations was run to 
determine the significant variables that best described the gradients in submerged 
macrophyte communities (Tererai et al. 2013, Bergfur and Sundberg 2014). 
3.2.5. Environmental factors related to submerged 
macrophyte diversity 
To examine the differences between submerged macrophyte diversity in the 
communities, I used Kruskal-Wallis non-parametric one-way analysis of variance 
(Kemp et al. 1990). When the differences in submerged macrophyte diversity 
(Shannon diversity index and species richness) between the communities were 
statistically significant from Kruskal-Wallis test, post-hoc testing with the Mann–
Whitney U test demonstrated differences in diversity indices (Coccia et al. 2016). 
Generalized linear models (GLMs) were used, extending nonlinearity and 
nonconstant variance structures in the data (Guisan et al. 2002), to identify the 
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significant environmental variables affecting diversity indices across all 128 sites. 
Shannon diversity index and species richness, assumed as normal and Poisson 
distributions, respectively, were delineated along the primary environmental factors 
resulting from the GLMs. Five water chemicals (chlorophyll a, ammonium nitrogen, 
nitrate nitrogen, suspended solids, total phosphorous) were selected and included in 
GLM analyses. In addition abiotic factors, water depth and water velocity, were 




Table 3-2. Pearson correlation coefficients for nine water chemical variables. 
Bold text indicates significant correlations (p < 0.05) 
  BOD Chla NH4N NO3N SS TDP TN TOC TP 
BOD 1.00         
Chla 0.46 1.00        
NH4N 0.78 0.14 1.00       
NO3N 0.48 0.34 0.44 1.00      
SS 0.65 0.67 0.32 0.34 1.00     
TDP 0.86 0.32 0.59 0.30 0.61 1.00    
TN 0.80 0.29 0.90 0.77 0.41 0.59 1.00   
 TOC 0.92 0.54 0.76 0.52 0.69 0.77 0.80 1.00  
TP 0.87 0.35 0.61 0.33 0.65 0.99 0.61 0.79 1.00 
Note: BOD, biochemical oxygen demand; Chla, chlorophyll a; NH4N, 
ammonium nitrogen; NO3N, nitrate nitrogen; SS, suspended solids; TDP, total 





3.3.1. Changes in importance values of submerged 
macrophytes and water column conditions 
The changes in the importance values of the submerged macrophyte species at 
the monitoring sites are shown in Figure 3-2. In the first year at the Yangpyeong site 
in the Han River, Hydrilla verticillata and Vallisneria natans were the most 
important species; however, the importance values of these species decreased in the 
following years. The importance of Najas marina and Potamogeton malaianus 
increased sharply, and these species became predominant in the Yangpyeong site. At 
the Sangju site in the Nakdong River, Myriophyllum spicatum was only found in the 
first year; however, other species, such as H. verticillata and N. marina, became 
widely distributed and important species. 
The site-specific observations showed different trends and large fluctuations in 
the environmental variables at the two sites (Figs. 3-3 and 3-4). At Yangpyeong site 
from 2012 to 2016, BOD, chlorophyll a, and total organic carbon increased whereas 
ammonium nitrogen, nitrate nitrogen, suspended solids, total nitrogen and total 
phosphorus decreased (Fig. 3-3). At the Sangju site, BOD, chlorophyll a, total 
nitrogen, and total organic carbon tended to increase; however, total phosphorus 
decreased from 2012 to 2016 (Fig. 3-4). No changes in ammonium nitrogen, nitrate 







Fig. 3-2. Changes in importance values of submerged macrophytes for three 
years at the (A) Yangpyeong site in the Han River and (B) Sangju site in the 
Nakdong River. ○ C.de, Ceratophyllum demersum; △ H.ve, Hydrilla 
verticillata; □ M.sp, Myriophyllum spicatum; ★ N.ma, Najas marina; ◇ 
P.cr, Potamogeton crispus; ● P.ma, P. malaianus; ▲ P.mc, P. maackianus; ■








Fig. 3-3. Changes in water quality for eight variables (mean ± standard error) 
between 2012 and 2016 at the Yangpyeong site in the Han River. (A) BOD, 
biochemical oxygen demand; (B) Chla, chlorophyll a; (C) NH4N, ammonium 
nitrogen; (D) NO3N, nitrate nitrogen; (E) SS, suspended solids; (F) TN, total 
nitrogen; (G) TOC, total organic carbon; and (H) TP, total phosphorus. Arrows in 
each figure represent the end period of the weir construction. Bold lines indicate 







Fig. 3-4. Changes in water quality for eight variables (mean ± standard error) 
between 2012 and 2016 at the Sangju site in the Nakdong River. (A) BOD, 
biochemical oxygen demand; (B) Chla, chlorophyll a; (C) NH4N, ammonium 
nitrogen; (D) NO3N, nitrate nitrogen; (E) SS, suspended solids; (F) TN, total 
nitrogen; (G) TOC, total organic carbon; and (H) TP, total phosphorus. Black 
symbols, upstream water monitoring tower; blue symbols, downstream water 
monitoring tower. Arrows in each figure represent the end period of the weir 
construction. Bold lines indicate fitted values to the data for each variable versus 
year using “ggplot2” package.  
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3.3.2. Multiple factors affecting submerged macrophyte 
community 
Based on the CCA ordination, nitrate nitrogen, total phosphorus and water depth 
were significant influences on the communities (p < 0.05) (Fig. 3-5). The first two 
axes of the CCA ordination explained 75% of the variance of the community-
environment relationship. Standard deviation ellipses were depicted for the 
communities on a biplot, which showed that the first axis was correlated with nitrate 
nitrogen, with increasing nutrient concentration from left to right. The Potamogeton 
crispus and Myriophyllum spicatum communities were most affected by a high 
concentration of nitrate nitrogen, whereas the Hydrilla verticillata community was 
found when nitrate nitrogen parameters were in low concentration. The second axis 
was correlated with total phosphorus and water depth. Vallisneria natans community 
was associated with deeper water depth. Ceratophyllum demersum community and 





Fig. 3-5. Biplot of canonical correspondence analysis (CCA) ordination of 
128 sites that were classified into submerged macrophyte communities. The 
ordination was constrained on significant factors with arrows; nitrate nitrogen 
(NO3N), total phosphorus (TP), and water depth (WD) (p < 0.05). The six 
ellipses represent submerged macrophytes community based on the standard 
deviations: ○, Ceratophyllum demersum community; △, Hydrilla verticillata 
community; ×, Myriophyllum spicatum community; □, Potamogeton crispus 






3.3.3. Submerged macrophyte diversity and response to 
environmental factors 
The diversity indices of the different communities are compared in Figure 3-6. 
The Shannon diversity index and species richness showed the same pattern; the 
highest index of diversity was for the Vallisneria natans community, followed by the 
others community and then Hydrilla verticillata, Ceratophyllum demersum, 
Potamogeton crispus, and Myriophyllum spicatum communities. 
Based on a GLM, the significant variables for Shannon diversity index and 
species richness were ammonium nitrogen, nitrate nitrogen, and water velocity 
(Table 3-3). According to GLMs, the diversity indices response curves to ammonium 
nitrogen, nitrate nitrogen, and water velocity (Figs. 3-7 and 3-8) were monotonously 
negative relationships. The highest Shannon diversity index and species richness 
were found in waters with a low concentration of ammonium nitrogen and nitrate 





Table 3-3. Environmental variables related to the Shannon diversity index 
and species richness by generalized linear models (GLMs). Based on GLMs, 
the significant variables related to Shannon diversity index and species richness 
were ammonium nitrogen, nitrate nitrogen, and water velocity. The significant 
variables were selected using t-value for Shannon diversity index and z-value for 









(a) Shannon diversity index 
µ(Shannon index) = f(α + β NH4N) 0.88 -0.10 -2.88 0.005 
µ(Shannon index) = f(α + β NO3N) 1.17    -0.16 -2.98 0.003 
µ(Shannon index) = f(α + β WV) 0.91 -1.05 -3.05 0.003 
(b) Species richness     
µ(richness) = f(α + β NH4N) 1.14 -0.13 -2.85 0.004 
µ(richness) = f(α + β NO3N) 1.48 -0.19 -3.25 0.001 
µ(richness) = f(α + β WV) 1.16 -1.20 -2.81 0.005 















Fig. 3-6. Comparison of (A) Shannon diversity index and (B) species richness 
of submerged macrophyte communities. Ceratophyllum demersum community, n 
= 11; Hydrilla verticillata community, n = 28; Myriophyllum spicatum community, 
n = 43; Potamogeton crispus community, n = 19; Vallisneria natans community, n 
= 10; and others community, n = 17. Boxplots encompass the 25% and 75% 
quartiles; the central solid lines represent the median. Whiskers represent the 
minimum and maximum values; open circles identify outliers. Significant 
differences in diversity indices among communities were determined by the Mann-
Whitney U test. Significance levels are indicated as follows: ***, p < 0.001; **, p < 





Fig. 3-7. Relationships between Shannon diversity index and environmental 
factors. Shannon diversity index of submerged macrophyte communities on the 
gradient of (A) ammonium nitrogen (NH4N), (B) nitrate nitrogen (NO3N), and 
(C) water velocity (WV) were modeled with generalized linear models (GLMs). 






Fig. 3-8. Relationships between species richness and environmental factors. 
Species richness of submerged macrophyte communities on the gradient of (A) 
ammonium nitrogen (NH4N), (B) nitrate nitrogen (NO3N), and (C) water 
velocity (WV) were modeled with generalized linear models (GLMs). Dots 





3.4.1. Establishment and expansion of Najas marina  
In this study, Najas marina became widely distributed within a few years and 
was the only annual plant at the Yangpyeong and Sangju sites. The unique 
phenomena of the N. marina expansion might be attributed to the coarse, spine-
tipped teeth and thick cuticle on the leaves, which are a physical defense against fish 
grazing (Qiu et al. 2001). According to Olivera-Gomez and Mellink (2013), N. 
marina is a fragile annual and is easily detached from the sediment, thus this species 
has low competitive ability (Pedro et al. 2006). However, Handley and Davy (2002) 
found that N. marina develops extensive root systems. In addition, this species is 
categorized as a pioneer species and r-strategist, which can survive in unfavorable 
habitats and easily increase in more favorable habitats (Dong-ru et al. 1997). Najas 
marina is sometimes regarded as a perennial because of the turions, which are 
dormant for long periods and carry vegetative buds (Agami et al. 1986). Seeds of N. 
marina have a relatively large mass (ca. 5 mg) as an adaptation to burial (Handley 
and Davy 2002) and germinate well in limited light conditions because of a low light 
compensation point (Dong-ru et al. 1997). Although confirmation of competitive 
relationships between submerged macrophytes is difficult, a mutual inhibitory effect 
is likely between Myriophyllum spicatum and N. marina in the competition for 
common resources (Agami and Waisel 2002). In summary, N. marina is well adapted 
for widespread establishment because of these advantageous characteristics.  
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3.4.2. Submerged macrophyte diversity and response to 
environmental gradients 
Vallisneria natans community had relatively even distribution of species and 
high Shannon diversity index and species richness. Despite occurring the most 
frequently (n = 43), the Myriophyllum spicatum community had the lowest diversity 
indices among the communities, because this species was widely found with only a 
few other species or as the only species. The CCA ordination identified the 
environmental gradient factors significantly affecting community distributions were 
nitrate nitrogen, total phosphorus, and water depth. 
The GLM identified ammonium nitrogen, nitrate nitrogen and water velocity as 
the significant variables for modeling the Shannon diversity index and species 
richness, which were negatively correlated with these environmental variables. The 
same pattern of nitrate nitrogen has been reported by Hrivnák et al. (2014); species 
richness had a negative relationship with nitrate nitrogen concentration. This result 
was not exactly consistent with that of other studies, because the relationship 
between the submerged macrophytes richness and water trophy is hump-shaped, 
with the maximum richness in a mesotrophic condition (Rørslett 1991, Vestergaard 
and Sand-Jensen 2000). Although nutrients lead the growth and distribution of 
submerged macrophytes, nutrient enrichment can inhibit growth (Demars and 
Harper 1998, Michael Kemp et al. 2004). Therefore, eutrophication of shallow 
freshwaters is one cause leading to the disappearance of submerged macrophytes 
(Körner 2002) and low diversity.  
Consistent with the results of Makkay et al. (2008), water velocity had a 
negative influence on species diversity. Moreover, Chambers et al. (1991) also 
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reported that aquatic macrophyte biomass was inversely correlated with water 
velocity. Water flow is a crucial determinant of the physical habitat and the biotic 
composition of submerged macrophytes (Bunn and Arthington 2002), and current 
velocity serves as natural physical disturbance to aquatic assemblages (Nilsson 
1987). High water velocity causes the erosion of sediments and inhibits the growth 
of submerged macrophytes (Sand-Jensen and VindbÆ K Madsen 1992, Riis et al. 
2000). Once established, both the abundance and diversity of submerged 
macrophytes are stimulated at low to medium water flow (Janauer et al. 2010). 
Moreover, the distribution of submerged macrophytes is both the cause and the effect 
of environmental conditions such as water flow (Janauer et al. 2010, Chappuis et al. 
2014). Submerged macrophytes is usually distributed in dense patches, which reduce 
the water velocity and the probability of uprooting (Sand-Jensen and VindbÆ K 
Madsen 1992). Reciprocally, the proliferation of dense patches also leads to shading 
among neighbors, which reduces photosynthesis, retards growth, and lowers 
submerged macrophyte diversity (Sand-Jensen and VindbÆ K Madsen 1992, Buchan 
and Padilla 2000). In summary, in order to maintain submerged macrophyte diversity, 
an understanding of the mutual relationship between submerged macrophytes and 
water flow is required.  
More investigations of the community structure and submerged macrophyte 
diversity are required for optimal management of river ecosystems, because 
submerged macrophytes alter the water quality (Zhang et al. 2016) and habitats for 
other biota such as fish, invertebrates, and periphyton (Riis and Biggs 2003). Water 
environmental conditions and submerged macrophyte community structure should 
be monitored together in the long-term, because both can change rapidly within a 





 Potential habitat environment of two 
submerged macrophytes, Myriophyllum 





Submerged macrophytes play an important role as a producer in the food web, 
shelter and forage for other organisms, and a water quality indicator (Nieder et al. 
2004). In addition, submerged macrophytes produce oxygen in stagnant regions and 
prolong the hydrologic retention time for the removal of particulate nutrients (Nepf 
et al. 2007). Despite the importance of submerged macrophytes, the formation of 
dense monotypic stands has adverse effects on the diversity and richness of 
invertebrates and fish (Buchan and Padilla 2000). Dense submerged macrophytes 
can produce organic materials from actively growing or senescing macrophytes and 
cause eutrophication of the water column (Chambers et al. 1999). Moreover, their 
proliferation can impede water flow, clog the inlets of reservoirs, and interfere with 
recreational activities (Kenneth 1996). 
The spatial distribution of organisms is related to species dispersal and survival 
at a regional scale. In addition, abiotic conditions (environmental constraints) and 
biotic interactions (e.g., competition and herbivory) influence species distributions 
at a local scale (Austin 2002, Bučas et al. 2013, Chappuis et al. 2014). The 
occurrence and abundance of submerged macrophytes are influenced by chemical 
and physical factors, such as water quality, light availability (Dennison et al. 1993), 
water transparency, water depth (Canfield et al. 1985), channel slope, channel 
dimensions (O'Hare et al. 2011), and hydrological regime (Franklin et al. 2008). 
Understanding how diverse environmental factors affect the habitats of submerged 
macrophytes is important for flow control, sediment transport (Järvelä 2005), and 
assessments of the ecological condition of rivers (Clayton and Edwards 2006). 
A variety of statistical approaches such as generalized linear models and 
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generalized additive models (GAMs) are important tools for predicting the likely 
occurrence or distribution of a species (Pearce and Ferrier 2000, Austin 2002). In 
particular, GAMs are used extensively in habitat suitability modeling and 
identification of the optimal environmental conditions for a given species; data are 
fitted using a semi-parametric model to predict non-linear responses to the 
exploratory variables (Elith et al. 2006, Drexler and Ainsworth 2013, Li and Wang 
2013). GAMs not only have a strong statistical foundation, but can be used to 
realistically model ecological relationships (Yee and Mitchell 1991, Sanchez et al. 
2008). When the relationship between a species distribution and environmental 
variables is complex, GAMs are practical and perform as well or better than other 
types of predictive models (Drexler and Ainsworth 2013, Li and Wang 2013). GAMs 
have been used to examine potential seagrass habitats (Lathrop et al. 2001, Downie 
et al. 2013), fish production and distributions (Borchers et al. 1997, Buisson et al. 
2008, Murase et al. 2009, Solanki et al. 2016), and terrestrial plant distributions (Yee 
and Mitchell 1991, Austin and Meyers 1996, Thuiller et al. 2005), but few studies 
have used GAMs to examine submerged macrophytes in freshwater ecosystems. 
Recently, river ecosystems in South Korea have experienced channel dredging, 
channelization, and dam construction for flood control during rainfall periods and to 
secure water resources during drought periods (Woo 2010). In particular, the “Four 
Major Rivers Project” (2009–2012) involved the construction of 16 weirs and three 
dams in the Han, Geum, Nakdong, and Yeongsan Rivers (Lah et al. 2015). This 
national project aimed to secure water resources, reduce flooding, improve water 
quality, and create multipurpose public spaces for local residents (Jun and Kim 2011). 
Despite substantial controversy surrounding the effectiveness of this project 
(Normile 2010), it drastically changed the natural riverine habitats and enabled the 
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artificial manipulation of the water level and the regulation of water flow. The 
modified slow velocity in regulated streams may increase the abundance of 
macrophytes (Bunn and Arthington 2002) and devastate habitats for organisms 
adapted to the natural discharge regime (Dynesius and Nilsson 1994). 
Alterations to hydrological regimes affect the structure and function of aquatic 
ecosystems, resulting in changes in the spatial distributions of submerged 
macrophytes (Tian et al. 2015). Submerged macrophytes in the river ecosystems of 
South Korea were found to expand across slow flowing streams to large rivers after 
weir construction. Myriophyllum spicatum (Eurasian watermilfoil) and Hydrilla 
verticillata (Hydrilla) are native species in South Korea; however, they are fast 
growing and most abundant in the river ecosystems. They are invasive species and 
strong competitors in Europe, the United States, and South America owing to their 
rapid and dense growth (Van et al. 1999, Gassmann et al. 2006, Beck et al. 2008). 
These two species are cosmopolitan angiosperms with extensive worldwide ranges 
(Zhou et al. 2016) and overrun various habitats, from lentic to lotic systems, and in 
turn affect flow velocity and nutrient cycling in the water column (Sousa 2011). 
Accordingly, it is necessary to understand the current distribution and predict 
the potential habitats of submerged macrophytes with highly invasive potential for 
river management and conservation planning. Few studies have predicted the 
distributions of submerged macrophytes using GAMs. Moreover, the developed 
GAMs have rarely been validated via field verification. The aims of our study were 
to examine under what environmental conditions Myriophyllum spicatum and 
Hydrilla verticillata are likely to occur and to predict their potential habitats. Our 
specific objectives were (1) to characterize the relationship between environmental 
variables and the occurrence of two submerged macrophytes (M. spicatum and H. 
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verticillata) using GAMs, (2) to predict the potential habitats for these two 
submerged macrophytes, and (3) to evaluate GAMs by applying field data. 
4.2. Materials and methods 
4.2.1. Study sites and data collection 
For the vegetation survey, 197 sites in the rivers and tributaries were selected, 
including 71 sites in the Han River, 43 sites in the Geum River, 46 sites in the 
Nakdong River, 27 sites in the Yeongsan River, and 10 sites in the Seomjin River. In 
Chapter 2 and 3, I described the details of the methods of data collection. For field 
verification, vegetation surveys were conducted from June to July in 2016 and water 
quality data were acquired from the Ministry of Environment’s national water quality 
measurement network (http://water.nier.go.kr) from January 2012 to April 2016. 
4.2.2. Model building 
All statistical analyses were performed in R (R Development Core Team 2016). 
Prior to the statistical analysis, all explanatory variables were log10-transformed to 
improve normality (Chappuis et al. 2014). Pearson correlation analyses were 
performed to detect high multicollinearity, since the water chemical variables were 
correlated with each other (Zhao et al. 2014, Wedding and Yoklavich 2015). The 
variables with pairwise correlation coefficients greater than 0.75 were eliminated 
(Kuhn and Johnson 2013). Total nitrogen, BOD, COD, ammonium nitrogen, total 
phosphorus, total organic carbon, and total dissolved nitrogen were excluded 
because they were highly correlated with suspended solids, nitrate nitrogen, and total 
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dissolved phosphorus. Multivariate statistical methods, such as principal component 
analysis (PCA), have been recommended to determine the main environmental 
factors before inclusion in models (Shmueli 2010, Zhao et al. 2014). Six significant 
elements of water environmental factors determined via PCA were selected and two 
elements from in situ measurements (water depth and water velocity) were added to 
the GAMs. Finally, eight environmental descriptors were included in GAMs: 
chlorophyll a, electrical conductivity, nitrate nitrogen, suspended solids, total 
dissolved phosphorous, water temperature during the growing season, water depth, 
and water velocity. All variables describing the physical and chemical properties of 
water included in the GAMs are described in Table 4-1.  
I used GAMs to approximate the probability of taxon presence with respect to 
the predictors. A binomial distribution was specified (presence = 1 and absence = 0) 
with a logit link function relating the dependent variables to the predictors. GAMs 
employ logistic regression to model the presence or absence at survey sites, thereby 
enabling the probability of species occurrence to be predicted from independent data 
at unsurveyed sites (Pearce and Ferrier 2000). The descriptor variables were modeled 
as cubic splines, with four degrees of smoothing (Lehmann 1998, Wood 2000). The 
most parsimonious model for each species with the fewest variables was chosen 
using a stepwise selection procedure (Buisson et al. 2008). To determine the best fit 
model, Akaike’s information criterion (AIC) was used as a goodness-of-fit statistic 
(Zuur and Pierce 2004, Buisson et al. 2008, Sanchez et al. 2008). Models with a 
smaller AIC were able to explain the residual deviance better than those with a larger 
AIC. The best model accounted for the most variation in the data using the fewest 




Table 4-1. Mean, standard error (SE), minimum (Min), and maximum 
(Max) values for physical and chemical properties of water at 197 sites. 
Chlorophyll a, electrical conductivity, total dissolved phosphorus, nitrate 
nitrogen, and suspended solids are presented as mean values of monthly estimates 
from January 2012 to October 2015, water temperature is presented as the mean 
from May to October, and water depth and velocity data were obtained at the 
sampling date 
Variable  Mean Median SE Min Max 
Chlorophyll a [mg m-3] 14.0 9.6 0.9 0.9 65.1 
Electrical conductivity [µS cm-1] 328 258 19 77 1515 
Total dissolved phosphorus [mg L-1] 0.076 0.035 0.009 0.008 1.282 
Nitrate nitrogen [mg L-1] 2.2 2.1 0.1 0.5 5.9 
Suspended solids [mg L-1] 9.6 8.3 0.5 1.1 35.9 
Water temperature [°C] 23.1 23.5 0.1 17.7 26.0 
Water depth [m] 0.61 0.50 0.02 0.10 1.60 








4.2.3. Validation of the predictive performance of models 
To obtain an unbiased estimation of model performance, it is best to apply 
independent data that have not been used for model development (Pearce and Ferrier 
2000). However, if independent data are not available, a k-fold cross-validation may 
be used to assess model accuracy (Pearce and Ferrier 2000, Zimmermann et al. 2007). 
I applied k-fold cross-validation (with k = 10); the data were randomly split into two 
datasets: 90% (k - 1 subsamples) was used as a training dataset to build a model and 
the remaining 10% (one subsample) was used as a testing dataset for validation. This 
procedure was repeated ten times to calculate the probabilities of occurrence, which 
were transformed into binary records (presence/absence) using a threshold 
probability (Sing et al. 2005, Araújo and Luoto 2007). To generate a confusion 
matrix, the Youden index was chosen as the threshold probability, which was the 
maximum difference between sensitivity (the probability of correct classification as 
positive) and specificity (the probability of correct classification as negative) 
(Jiménez-Valverde and Lobo 2007, Freeman and Moisen 2008), using the 
“SDMTools” library for model accuracy (VanDerWal et al. 2014). Coordinates of 
observations and predictions based on the confusion matrix were projected to World 
Geodetic System 84 (WGS84) using QGIS (QGIS Development Team 2016). 
Model accuracy was assessed by two measures: Cohen’s kappa and the area 
under the receiver operating characteristic (ROC) curve (AUC) (Zimmermann et al. 
2007). Cohen’s kappa is the most common method for determining the accuracy of 
presence-absence predictions based on a selected threshold probability, regardless of 
variation in prevalence (Segurado and Araujo 2004, Allouche et al. 2006). Landis 
and Koch (1977) suggested the following interpretation of kappa values: excellent 
agreement, >0.75; good agreement, 0.40–0.75; and poor agreement, <0.40. Another 
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method for assessing the accuracy of models uses the AUC value as a threshold-
independent criterion (Fielding and Bell 1997). To construct ROC curves, all 
possible thresholds were used to classify the scores into confusion matrices, and the 
sensitivity and specificity were estimated for each matrix (Allouche et al. 2006). 
According to Swets (1988), AUC values were interpreted as follows: excellent, 
>0.90; good, 0.80–0.90; fair, 0.70–0.80; poor, 0.60–0.70; fail, 0.50–0.60. Moreover, 
in situ observations of the 41 sites were randomly performed to evaluate the accuracy 
of the model for field verification.    
4.3. Results 
4.3.1. GAM response curves 
We applied GAMs to define the ranges of environmental factors with respect to 
species occurrences. The models explained 28.7% and 23.4% of the observed 
variation in selected variables for Myriophyllum spicatum and Hydrilla verticillata, 
respectively (Table 4-2). For M. spicatum, we found that chlorophyll a, nitrate 
nitrogen, suspended solids, water temperature, water depth, and water velocity were 
significant variables in the GAM. Based on the response curves, the probability of 
M. spicatum presence increased as nitrate nitrogen increased, and decreased as water 
temperature and suspended solids increased (Fig 4-1). The response curves for 
chlorophyll a indicated a sharp increase in the predicted presence of M. spicatum 
from 0 to ~20 mg/m3 and a decline at higher concentrations. The presence 
probabilities of M. spicatum for water velocity decreased for values of up to ~0.4 
m/s and then increased in relatively rapid flows. Myriophyllum spicatum was 
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distributed in a wide range of water depths up to 1 m and decreased in deeper water. 
Electrical conductivity and suspended solids were important parameters determining 
the H. verticillata distribution (Table 4-2). Hydrilla verticillata presence was 
negatively related to electrical conductivity and suspended solid concentrations (Fig. 
4-2). We also observed differences in the predicted potential habitats between the 
two species (Figs. 4-3 and 4-4). Myriophyllum spicatum was widely distributed in 
the Han River and Nakdong River, and its predicted distribution was similar to its 
current distribution. Hydrilla verticillata was abundant everywhere, whereas its 







Table 4-2. Selected environmental variables and deviance explained in 
generalized additive models (GAMs) for Myriophyllum spicatum and 
Hydrilla verticillata 





Myriophyllum spicatum Chlorophyll a (chla) <0.001 28.7% 
 Nitrate nitrogen (NO3N) 0.003  
 Suspended solids (SS) <0.001  
 Water temperature (WT) 0.034  
 Water depth (WD) 0.030  
 Water velocity (WV) 0.010  
f (occurrence) = s(chla) + s(NO3N) + s(SS) + s(WT) + s(WD) + s(WV), k=4    
Hydrilla verticillata Electrical conductivity (EC) <0.001 23.4% 
 Suspended solids (SS) 0.010  
f (occurrence) = s(EC) + s(SS), k=4 





Fig. 4-1. Response curves of Myriophyllum spicatum for environmental 
gradients in generalized additive models (GAMs). The vertical axes represent the 
probabilities of occurrence, and shaded bands show the 95% confidence interval. 
Rug plots on the x-axis show data points. Chla, chlorophyll a; NO3N, nitrate 
nitrogen; SS, suspended solids; WT, water temperature during the growing season; 





Fig. 4-2. Response curves of Hydrilla verticillata for environmental gradients 
in generalized additive models (GAMs). The vertical axes represent the 
probabilities of occurrence, and shaded bands show the 95% confidence interval. 







Fig. 4-3. Predicted and observed habitat suitability of Myriophyllum 
spicatum based on generalized additive models (GAMs). Observed occurrence 
(Ob.) is overlaid with the predicted occurrence (Pr.). The outer circle indicates 
the observed distribution, and the inner circle represents the predicted 
distribution. Yellow indicates presence (1) and black indicates absence (0). The 
same color for the outer and inner circles shows that observations and predictions 
coincide. A black outer circle with a yellow inner circle indicates a false positive, 







Fig. 4-4. Predicted and observed habitat suitability of Hydrilla verticillata 
based on generalized additive models (GAMs). Observed occurrence (Ob.) is 
overlaid with the predicted occurrence (Pr.). The outer circle indicates the 
observed distribution, and the inner circle represents the predicted distribution. 
Yellow indicates presence (1) and black indicates absence (0). The same color 
for the outer and inner circles shows that observations and predictions coincide. 
A black outer circle with a yellow inner circle indicates a false positive, and a 




4.3.2. Model validation and field verification 
 To assess model performances for each species, I compared predicted potential 
habitats with observed habitats using the confusion matrix (Table 4-3). I observed 
accuracy rates of 0.74 for Myriophyllum spicatum and 0.75 for Hydrilla verticillata. 
For M. spicatum, AUC = 0.84 and kappa = 0.46 were observed when I applied a 
threshold of 0.536. For H. verticillata, I detected AUC = 0.79 and kappa = 0.39 when 
the threshold was 0.492. Based on the field verification, we observed accuracy rates 
of 76% for the two species (Table 4-4). The accuracy rates of 0.76 for the two species 
were observed. In addition, we established AUC values of 0.75 for M. spicatum and 





Table 4-3. Comparison of predicted and observed distributions of 
Myriophyllum spicatum and Hydrilla verticillata during model building. 
Predicted values were obtained from the fitted probability of presence using the 
Youden index to apply a threshold probability: 0.536 for M. spicatum and 0.492 







M. spicatum Observed Absence 91 23 114 
 Observed Presence 29 54 83 
 Total 120 77 197 
 Correct prediction (91+54)/197 = 0.74 
 Error of commission 23/114 = 0.20 
 Error of omission 29/83 = 0.35 
 AUC 0.84 
 Kappa 0.46 
H. verticillata Observed Absence 115 13 128 
 Observed Presence 37 32 69 
 Total 152 45 197 
 Correct prediction (115+32)/197 = 0.75 
 Error of commission 13/128 = 0.10 
 Error of omission 37/69 = 0.54 
 AUC 0.79 







Table 4-4. Comparison of predicted and observed distributions of 
Myriophyllum spicatum and Hydrilla verticillata at the model confirmation 
stage. Predicted values were obtained from the fitted probability of presence 
using the Youden index to apply a threshold probability: 0.536 for M. spicatum 







M. spicatum Observed Absence 23 6 29 
 Observed Presence 4 8 12 
 Total 27 14 41 
 Correct prediction (23+8)/41 = 0.76 
 Error of commission 6/29 = 0.21 
 Error of omission 4/12 = 0.33 
 AUC 0.75 
 Kappa 0.44 
H. verticillata Observed Absence  28 2 30 
 Observed Presence 8 3 11 
 Total 36 5 41 
 Correct prediction (28+3)/41 = 0.76 
 Error of commission 2/30 = 0.07 
 Error of omission 8/11 = 0.73 
 AUC 0.82 







In this study, we identified water environmental factors that characterize the 
potential habitats of Myriophyllum spicatum and Hydrilla verticillata using GAMs, 
namely, chlorophyll a, electrical conductivity, nitrate nitrogen, suspended solids, 
water temperature, water depth, and water velocity. GAMs are very useful for 
describing the complex relationships between response variables and environmental 
factors (Cheng and Gallinat 2004); however, these models explained low proportions 
of deviance (Table 4-2). This can be explained by the patchy distribution of 
submerged macrophytes, which cannot be fully explained by the selected variables 
(Lehmann 1998). Nevertheless, based on the model evaluation procedures, the 
response curves for each variable enabled us to infer general trends and we could 
adapt models to other locations around the world. Few studies have used GAMs to 
evaluate the habitat suitability of M. spicatum and H. verticillata, which are invasive 
in many countries. 
4.4.1. GAM results and environmental factors 
The abundance and distribution of submerged macrophytes in river ecosystems 
are related to water quality conditions (Nieder et al. 2004), water depth, and water 
velocity (Sousa 2011). I found that variables associated with water environmental 
factors were important determinants of the distributions of Myriophyllum spicatum 
and Hydrilla verticillata, especially chlorophyll a, electrical conductivity, nitrate 
nitrogen, suspended solids, water temperature, water depth, and water velocity. 
Gradients of these variables also determine potential habitats for submerged 
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macrophytes in previous studies (Dodkins et al. 2005, Lacoul and Freedman 2006, 
Franklin et al. 2008).  
A higher temperature within optimal ranges usually promotes a higher 
chlorophyll a concentration and productivity as well as a greater abundance of 
submerged macrophytes (Barko et al. 1986). However, competition for light between 
aquatic plants and phytoplankton may limit plant growth and even result in the 
disappearance of taxa (Rybicki and Landwehr 2007, Bornette and Puijalon 2011). 
These results demonstrated that the occurrence of submerged macrophytes increased 
for low concentrations of chlorophyll a, and decreased for high concentrations. 
Furthermore, the adaptability of submerged macrophytes to low temperatures may 
play a role in interspecific competition because the optimal water temperature for 
submerged macrophytes is 28–32°C (Barko et al. 1986). 
Plant growth usually increases as the concentration of nutrients in water and 
sediment increases (Van et al. 1999, Yu et al. 2010, Sousa 2011). Kennedy et al. 
(2009) found that Hydrilla verticillata could thrive not only in eutrophic waters, but 
also in oligotrophic waters. According to Sousa (2011), however, eutrophic 
conditions may have negative effects on H. verticillata growth via the proliferation 
of plankton, which compete with submerged macrophytes for light and nutrients. 
Electrical conductivity, as a measure of the chemicals summary variable (Heegaard 
et al. 2001), may affect macrophyte composition and be unfavorable for submerged 
macrophytes that are sensitive to eutrophication (Thomaz et al. 2003, Lauridsen et 
al. 2015). The occurrence of H. verticillata was high when electrical conductivity 
was low in oligotrophic water (Fig. 4-2). Nitrogen is a key element for aquatic plants, 
which use nitrate as a nitrogen source (Bornette and Puijalon 2011). In this study, 
occurrence of Myriophyllum spicatum was high as nitrate nitrogen increases. 
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However, abundance and diversity of submerged macrophytes were negatively 
related to nitrogen concentration (Rybicki and Landwehr 2007, Orth et al. 2010).  
I detected abundant Myriophyllum spicatum in water at depths of 0.7–1.0 m, 
and a decreased abundance in deeper water (Fig. 4-1). This result concurs with a 
previous study; Angradi et al. (2013) observed that the optimal depth for submerged 
macrophytes is ~1.2 m and <1 m in turbid conditions. However, an increase in water 
depth causes a light deficiency for submerged macrophytes (Bornette and Puijalon 
2011), thereby decreasing the rate of photosynthesis. Shallow water bodies allow 
more light penetration, provided that the water is not turbid (Narumalani et al. 1997). 
Lower water clarity owing to sediments, turbidity, and nutrients can reduce the water 
depth and spatial distribution for growth and survival of submerged macrophytes 
(Dar et al. 2014, Patrick et al. 2014). Consequently, as depth increases or water 
clarity decreases, light availability for photosynthesis may diminish (Lacoul and 
Freedman 2006).   
Based on the velocity response curve, I observed a decrease in Myriophyllum 
spicatum abundance for values of up to ~0.4 m/s and an increase for higher values 
(Fig. 4-1). In general, the biomass and richness of submerged macrophytes are high 
at 0.3–0.4 m/s, and lower at higher velocities (Lacoul and Freedman 2006). A 
number of water velocity readings were at 0 m/s, with an average of 0.1 m/s and a 
median of 0 m/s. Surveyed sites were close to lentic conditions; accordingly, I could 
not exactly evaluate the velocity response of M. spicatum. Submerged macrophytes 
are absent in high-flow habitats, indicating a failure to establish and colonize (Lacoul 
and Freedman 2006). Periphyton is sheltered by submerged macrophytes, resulting 
in light limitation for macrophytes and controlled photosynthesis in submerged 
macrophytes (Strand and Weisner 2001, Riis and Biggs 2003). Moderate flow can 
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encourage submerged macrophytes growth by continuously washing photosynthetic 
tissues covered with epiphytic algae (Strand and Weisner 1996, Lehmann 1998).  
4.4.2. Potential habitat predictions 
I did not develop GIS-based predictive maps to identify potential habitats for 
submerged macrophytes because it was difficult to construct a bathymetric map of 
all rivers and streams in South Korea. I present maps showing areas of agreement 
between observations and predictions. Although I did not generate spatial maps 
interpolated with predicted probabilities, I was able to detect areas with abundant 
submerged macrophytes in the four rivers. 
Correct and incorrect predictions in a confusion matrix indicate the strength of 
predictions (Peters et al. 2007). The misclassified sites in the predicted distribution 
according to GAMs were related to channel structure, rather than water quality. Most 
of these sites were confluence points, i.e., sites at which two channels met, each 
carrying independent influxes and sediment discharge (Benda et al. 2004). To 
examine false positive errors (commission error; observation = 0 and prediction = 1), 
I considered the characteristics of survey sites at confluence points that connected 
relatively larger tributaries to main water bodies. Confluences have been described 
as biodiversity hot spots with physical heterogeneity and habitat complexity owing 
to diverse physical, chemical, and biological attributes resulting from tributary 
streams (Kiffney et al. 2006, Rice et al. 2006). At these sites, I expected to observe 
submerged macrophytes; however, their distributions were discontinuous and bed 
sediment size and flow properties were unstable (Rice et al. 2006). Rare high-
velocity conditions and the maintenance of stable substrata are necessary for 
submerged macrophytes colonization (Riis and Biggs 2003). False positive results 
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imply that submerged macrophytes did not have an opportunity to disperse to a 
suitable habitat (Buchan and Padilla 2000).  
I observed false negative errors (omission error; observation = 1 and prediction 
= 0) at study sites that were typically downstream of confluence points connecting 
relatively small tributaries and irrigation ditches with the potential for submerged 
macrophytes dispersal. Myriophyllum spicatum and Hydrilla verticillata are found 
in rivers, lakes, irrigation ditches, and other waterways (Netherland 1997, Eiswerth 
et al. 2000). Their primary dispersal strategy is vegetative reproduction by 
fragmentation, moving through small waterways and then establishing at channel 
junctions. Vegetative reproduction by stem fragmentation is an efficient mechanism 
for dispersal, colonization, and overwintering (Sousa 2011, Xie et al. 2013). The 
conditions downstream of small tributaries are sufficiently stable for submerged 
macrophytes inhabitation. Submerged macrophytes habitats are regulated by a 
variety of factors, varying within not only whole streams, but also smaller stream 
reaches (Riis et al. 2001). 
I observed high accuracy rates for each species model (0.74 for Myriophyllum 
spicatum and 0.75 for Hydrilla verticillata), but low proportions of variation 
explained by the models. We observed kappa values (which were dependent on a 
threshold) of 0.46 for M. spicatum and 0.39 for H. verticillata, indicating a fair model 
fit. In addition, I observed AUC values (independent of threshold values) of 0.84 for 
M. spicatum and 0.79 for H. verticillata, indicating satisfactory predictive ability. 
According to the AUC and kappa values, model performance was good for both 
species. Field verification to validate favorable potential habitats for M. spicatum 
and H. verticillata confirmed model performance, supporting their good prediction 
abilities, based on accuracy rates, AUC, and kappa values, except for the kappa value 
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(0.25) of H. verticillata. 
Although GAMs do not provide superior predictive performance compared 
with other models (Austin 2007), they are flexible enough to model relationships 
between occurrences of submerged macrophytes and environmental factors (Murase 
et al. 2009). Habitats for submerged macrophytes are characterized by a complex set 
of physical, chemical, and biological parameters. In this study, the modeling of 
potential habitats for submerged macrophytes was in good agreement, despite only 
considering water chemicals, water depth, and water velocity. However, a reasonable 
possibility of prediction errors is the reason why the realized niches of submerged 
macrophytes were not completely explained by the variables that I selected and 
added to GAMs. I measured water depth and water velocity once in normal 
conditions, and I used water chemical data that were averaged over 4 years. Even 
though a lack of long-term monitoring data for water depth and velocity at the study 
sites is a source of uncertainty, I was able to overcome uncertainties by surveying 
diverse environmental conditions, varying from tributaries to rivers. In addition, to 
improve the predictive accuracy, it is necessary to consider physical factors, such as 
flow regime, channel connectivity, channel slope, channel bed, shoreline conditions, 
and land cover type in the basin (Buchan and Padilla 2000, Patrick et al. 2014). 
Biological factors, including competition, herbivory, and disease, are also important 
habitat determinants (Lacoul and Freedman 2006). No habitat suitability model is a 
complete representation of reality and these models should be validated for 
applications using real-world data by predictive performance evaluations focusing 
on the reduction of omission errors (Liu et al. 2009, Gastón and García-Viñas 2013). 
The distribution of submerged macrophytes could not be compared before and after 
water regulation; however, we are able to predict the initial distribution of M. 
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spicatum and H. verticillata with high invasiveness after large-scale weir 
construction and adapt the models throughout the world. 
4.4.3. Perspectives 
I inferred the habitat characteristics of Myriophyllum spicatum and Hydrilla 
verticillata using GAMs based on field survey data at the catchment scale. I observed 
that water chemicals, e.g., chlorophyll a, suspended solids, and nitrate nitrogen, 
water temperature, and electrical conductivity are important factors determining the 
occurrences of submerged macrophytes. This research has practical implications for 
the prevention or delay of the aggressive spread of M. spicatum and H. verticillata 
by providing a basis for river management strategies, such as information about 
water chemicals to improve water quality in priority areas (Barko et al. 1986). These 
results are also helpful to sustain aquatic ecosystem functions and biodiversity in 





















The distribution and abundance of submerged macrophytes have been obseved 
along four major rivers in Korea. The loss of lotic habitats has resulted in the loss of 
plants and animals with lifeform characteristics that are restricted to flowing water 
(Dynesius and Nilsson 1994). Because submerged macrophytes can act as both a 
storage reservoir for particulate materials during the growing season and as a source 
of particulate matter during vegetative senescence (Dawson 1980), studies in 
submerged macrophytes are important. 
During the study period, Hydrilla verticillata, Myriophyllum spicatum, and 
Potamogeton crispus were the most abundant submerged plants in the four major 
rivers. The occurrence of submerged macrophytes was related to BOD and light 
availability, such as chlorophyll a concentrations, suspended solid concentrations, 
and water temperature during the growing season. These four environmental factors 
were significantly lower in sites containing submerged macrophytes than in non-
vegetated sites. Nutrient concentration was not an important factor affecting 
occurrences of submerged macrophytes.  
At two monitoring sites (Yangpyeong and Sangju sites), Najas marina had 
become established and was an important species over the three years. Species in 
Vallisneria natans community had relatively even coverage and this community 
exhibited the highest diversity. Ammonium nitrogen, nitrate nitrogen, and water 
velocity of the river water strongly influenced the Shannon diversity index and 
species richness, both of which decreased with high nutrient concentrations and rapid 
water flow. In summary, submerged macrophyte diversity was highest under low 
productivity and low disturbance conditions. 
The distribution of Myriophyllum spicatum in the four major rivers was likely 
limited by water chemistry conditions including chlorophyll a and nitrate nitrogen 
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levels. In addition, suspended solids, water temperature, water depth, and water 
velocity affected the distribution of M. spicatum. Habitat factors affecting Hydrilla 
verticillata distribution were electrical conductivity and suspended solid levels. 
Monitoring of vegetation and environmental conditions in river ecosystems is 
important because dispersal and composition of submerged macrophytes are affected 
by both water quality factors and water flow. In this study, it was difficult to predict 
accurately distributions of submerged macrophytes in the four rivers because 
chemical, physical, and geomorphological factors data are not enough. Although 
some geomorphological and hydrological factors were not included in this study, the 
results did provide information on the distribution of submerged macrophytes in the 
studied rivers and on potential submerged macrophytes habitats. Such information 
could affect the management of river ecosystems after the construction of large-scale 
weirs. 
Submerged macrophytes, as a primary producer, provides habitats and refuges 
for periphyton, invertebrates, and fish; however, overabundant submerged 
macrophytes can slow water velocity and lower dissolved oxygen levels. Generally, 
dense submerged macrophytes result in eutrophication, which in turn can lead to a 
decrease in, or even a disappearance of, submerged macrophytes. Both the 
composition and distribution of submerged macrophytes are linked to water quality, 
other organisms and their habitat, and water resource use. Because of the various 
positive and negative effects of submerged macrophytes on river ecosystems, 
simultaneous conservation and management of submerged macrophytes to maintain 
river health and ecosystem diversity should be encouraged. Relatively broad 
methods for the control of dense populations of submerged macrophytes include the 
use of herbicides, herbivores (fish or waterfowl), and mechanical removal; however, 
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those methods can have high costs and negative effects on rivers (Kenneth 1996).  
This research shows that BOD, chlorophyll a, suspended solid levels and water 
temperature are related to occurrences of submerged macrophytes. Moreover, the 
ammonium nitrogen, nitrate nitrogen, and velocity of river water affect submerged 
macrophyte diversity. Since occurrence and diversity of submerged macrophytes are 
limited by water quality and water velocity, a challenge facing water managers is the 
need to consider both water quality, especially water clarity, and habitat 
heterogeneity for aquatic organisms, including invertebrates, fish, and waterfowl. 
Restoring a river to a free-flowing condition by the removal of unnecessary weirs 
can improve water quality and aquatic habitats, allow organisms to migrate freely, 
and enhance the overall biodiversity of the river’s ecosystem. 
Sustainable management and conservation of river systems is becoming more 
important in order to reduce threats to aquatic biodiversity and the functioning of a 
natural river ecosystem. Consideration of both negative and positive effects of 
submerged macrophytes should be stressed when considering management or 
conservation actions. Thus, an integrated approach is needed to solve submerged 
macrophytes-related problems. Moreover, long-term solutions to such problems are 
needed. Based on the results of this study, prior to the development and 
implementation of management approaches, it is necessary to determine the 
ecological characteristics of submerged macrophytes as they relate to environmental 
factors and the prediction of submerged macrophytes distribution. In particular, 
preservation of free-flowing rivers with various hydrological features is needed to 
provide the water quality needed to ensure submerged macrophyte diversity and to 
limit submerged macrophytes abundance to an appropriate level. 
There is a need for further research on precise estimation of abundance and 
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distribution of submerged macrophytes in order to manage appropriately river 
ecosystems. A possible weakness of this study is that both water velocity and water 
depth data from only one measurement at each sampling site were included in the 
analysis. To contribute a fuller description of the effects of water velocity and water 
depth on submerged macrophytes, future studies should include repetitive 
measurements and data from rainy and dry seasons. In addition, future studies should 
examine the river’s physical and hydrological regimes, such as discharge, drainage 
area, and channel features because submerged macrophytes in freshwater 
ecosystems is influenced by a variety of factors in a complex manner. Interspecific 
competition among submerged macrophyte species can occur within relatively 
homogeneous environments where different species cohabit (McCreary 1991), thus 
competitive factors should also be considered in future studies. Accounting for all of 
these relevant chemical, physical, and biological factors could improve the model 
predictability of submerged macrophytes habitat. 
In this study, the characteristics of river ecosystems after large-scale weir 
construction were examined. Previous assessments of river longitudinal connectivity 
based on species composition and distribution of submerged macrophytes, and 
environmental variables have not been undertaken in Korea. To assess the effects of 
river disconnectivities caused by physical barriers, research studies that use 
structural equation modeling should be undertaken. 
The effects of warmer water temperatures resulting from climate change on 
submerged macrophytes communities can not be predicted easily. Warmer water 
condition will favor expansion and senescence of submerged macrophytes 
communities and will induce algal blooms. Monitoring and prediction of changes to 
submerged macrophytes communities are necessary under such long-term elevated 
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water temperature scenarios. 
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최근 한국의 하천 생태계는 유수 환경에서 정수 환경으로 크게 변화
하였고 침수식물이 하천 본류에 넓게 정착하였다. 침수식물의 중요성에
도 불구하고, 빠른 속도로 확산하고 밀도 높게 서식하는 침수식물은 하
천 생태계에 해로운 영향을 끼친다. 침수식물의 종 구성과 침수식물과 
관련된 환경인자를 함께 이해하는 것은 하천 생태계 관리를 위해서 중요
하다. 본 연구는 침수식물과 환경인자와의 관계를 밝히는데 초점을 두었
다. 2014년과 2015년 5월부터 9월 사이에 한강 71곳, 금강 43곳, 낙동강 
46곳, 영산강 27곳, 섬진강 10곳 (총 197곳)의 본류와 지류에서 침수식물 
식생과 수환경을 조사하였다. 전체 조사지에서 총 12종의 침수식물인 붕
어마름, 검정말, 이삭물수세미, 나자스말, 민나자스말, 말즘, 새우가래, 대
가래, 애기가래, 말, 실말, 나사말이 분포하였다. 이 중에서 검정말, 이삭
물수세미, 말즘이 전체 조사지에서 가장 우점하였다. 유사도 분석 결과, 
한강, 금강, 낙동강, 영산강 간의 수환경과 출현 식물종은 유사하였으나 
침수식물의 발생 빈도는 강 별로 다르게 나타났다. 하지만 암모니아성질
소, 질산성질소, 총질소 농도는 강 별로 통계적으로 유의미한 차이를 보
였다. 특히, 한강은 다른 강들에 비해서 암모니아성 질소의 농도가 높았
으며 영산강은 다른 강들에 비해서 질산성질소와 총질소의 농도가 낮았
다. 침수식물의 서식 유무와 관련 있는 환경인자는 생화학적 산소요구량, 
클로로필 a, 부유물질, 생육기간의 수온과 같은 빛 이용과 관련된 인자로 
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밝혀졌으며, 영양염류 농도는 서식 유무와 관련하여 주요 인자가 아닌 
것으로 사료된다.  
한강 (양평 조사지)과 낙동강 (상주 조사지)의 각 대표 지점에서 3년
간의 모니터링 결과, 두 장소 모두에서 민나자스말이 빠르게 정착하였고 
주요종이 되었다. 검정말, 이삭물수세미, 붕어마름, 말즘 군집의 다양도지
수 비교 결과, 나사말 군집의 식물 종들이 비교적 균등한 피도를 보였으
며 가장 높은 다양도지수를 나타냈다. 일반화 선형 모델로부터 암모니아
성 질소, 질산성 질소 농도, 유속이 Shannon 다양도 지수와 종 풍부도에 
영향을 끼치는 인자라는 것을 알 수 있었다. Shannon 다양도지수와 종 풍
부도는 영양염류 농도가 높고 유속이 빨라질수록 감소하였다. 이 결과는 
생산성과 교란이 적은 환경에서 침수식물 군집의 다양도지수가 높다는 
것을 의미한다. 
일반화 가법 모형을 이용하여 조사지에서 가장 우점하고 있는 검정
말과 이삭물수세미의 잠재 서식처의 환경인자를 규명하였다. 이삭물수세
미의 잠재 서식처는 클로로필 a 농도, 질산성 질소 농도, 부유물질 농도, 
수온, 수심, 유속과 관련이 있었다. 검정말의 잠재 서식처는 전기전도도 
농도, 부유물질 농도와 관련이 있었다. 침수식물의 산포와 종 구성은 수
질뿐만 아니라 유속에 의해 영향을 받기 때문에 하천 생태계에서 침수식
물과 수환경을 모니터링 하는 것은 중요하다. 침수식물 다양도 유지와 
적절한 수준의 침수식물 우점도를 조절하기 위해서는 다양한 수문학적 
특징을 지닌 유동 하천으로서의 관리가 필요하다. 본 연구의 결과들은 
대형 보 건설 이후의 하천 생태계 관리를 위해 필요한 4대강의 초기 침
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수식물 분포 현황과 잠재 서식처 예측에 대한 정보를 제공한다. 
 
주요어: 하천생태계, 침수식물, 수환경, 검정말, 이삭물수세미 
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